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WOORD VOORAF 
  
Best wel grappig eigenlijk. Op het moment dat jullie dit lezen is de kans heel groot dat ik mijn 
doctoraat ga behalen en daarmee de tweede dr. (doctor, dokter, allemaal hetzelfde) van de 
familie ga worden, tenzij een catastrofale verdediging nog even roet in het eten gooit. Maar 
kom, laten we mezelf eens wat krediet geven en ervan uitgaan dat ik het haal, waarmee ik dan 
voor eens en altijd hoop te bewijzen dat de gelijkenis met basketsloef Sam Gooris louter van 
fysieke aard is, ggrrrrr (en dan nog, ikzelf zie het nog altijd niet…). Pas op, denk nu niet dat ik 
opeens zo naar mijzelf zal opkijken wanneer de jury oordeelt dat ik mijn doctoraatsonderzoek 
tot een goed einde gebracht heb. Want laat ons eerlijk zijn, zo’n ongelofelijke, tot de 
verbeelding sprekende, van genialiteit getuigende dingen heb ik daar niet voor moeten doen, 
even buiten beschouwing gelaten of ik daar überhaupt toe in staat zou zijn. Wat mij betreft 
gaat er dus heel weinig – om niet te zeggen niets – veranderen na het behalen van mijn 
doctorstitel. Ik blijf nog altijd diezelfde simpele gast, nog altijd te vinden voor een potje 
zeveren met mijn prettig gestoorde collega’s (en er zijn er bij die er potverdekke wat van 
kunnen), nog altijd gepassioneerd door wielrennen, nog altijd met veel plezier kijkend naar 
Temptation Island, nog altijd lak hebbend aan mensen die neerkijken op mensen die naar 
Temptation Island kijken, nog altijd een fantastische echtgenoot (dat laatste zeg ik niet van 
mijzelf, dat zegt mijn vrouw). 
 
Ik ben uiteraard heel blij met het behalen van mijn doctoraat, laat dat duidelijk zijn, maar ik 
ga niet beweren dat ik hier ooit van wakker gelegen heb, laat staan dat ik dit als een mijlpaal 
in mijn leven zou beschouwen. Ik kan er niet aan doen, maar het is gewoon zo en ik zou 
liegen als ik zou zeggen dat het dat wel was. Dit doctoraat is vooral belangrijk omdat ik het 
beschouw als het eindpunt van een aanzienlijk aantal overigens schitterende jaren aan de 
Coupure: eerst 5 als student, daarna 6 als assistent. En aan al die jaren houd ik uitsluitend 
positieve herinneringen over, wat betekent dat er geen noemenswaardige negatieve zaken 
gebeurd zijn of dat ik de negatieve zaken selectief vergeten ben. In elk geval, ik heb hier een 
ontzettend mooie tijd gehad en schrijf maar op dat het wreed raar gaat doen om op zekere dag 
de faculteit te verlaten. Een woordje van dank is hier dan ook op zijn plaats, me dunkt. 
 
En beginnen doe ik uiteraard met Prof. Koen Dewettinck, mijn promotor en de man die mij in 
de eerste plaats de kans heeft gegeven om als assistent in zijn labo te kunnen starten. Koen, ik 
wil je bedanken voor de jarenlange vlotte samenwerking en voor je nuttige inbreng in de loop 
van mijn onderzoek. En natuurlijk ook voor het feit dat je gewoon een toffe kerel bent die nu 
toevallig mijn baas is. Dat er nog vele doctoraten onder jouw promotorschap mogen volgen! 
 
Aan de leden van de lees- en examencommissie (Prof. Paul Van der Meeren, Prof. Olivier 
Thas, Prof. Bruno De Meulenaer, Prof. Jan Delcour, Prof. Paula Moldenaers, dr. Geert 
Maesmans en Prof. Jacques Viaene) wil ik mijn appreciatie uitdrukken voor hun leeswerk en 
interessante opmerkingen. Prof. Olivier Thas en Prof. Paul Van der Meeren had ik graag in 
het bijzonder bedankt voor respectievelijk de statistische ondersteuning bij de aanvang van 
het onderzoek en voor het gebruik van deeltjesgrootte meetapparatuur die een belangrijke 
bijdrage heeft geleverd tot dit werk. 
 
En dan wacht mij nu de moeilijke taak om mijn collega’s te bedanken. Goh, hoe ga ik daar 
aan beginnen? Ik heb er in de loop der jaren heel wat zien passeren maar ik ga het mijzelf 
makkelijk maken en mij beperken tot mijn huidige collega’s, vooral ook omdat die bende er 
in geslaagd is om de laatste jaren een unieke sfeer te creëren, en dit zowel binnen als buiten de 
muren van de unif. Voor mij vertaalt zich dat vooral in de talrijke activiteiten buiten de 
werkuren die er telkens weer kloef op waren. Ik weet niet hoe jullie dat zien, maar ik vind het 
straf dat ik kan zeggen dat ik enkel nog maar het laatste halfjaar met collega’s ben gaan 
lasershooten, zwemmen, langlaufen, voetballen, snookeren, quizzen, dansgewijs uit de bol 
gaan in de Cuba Libre, kicken in Walibi, intrigerende discussies voeren in den Hopduvel, 
noem maar op. Vraag jezelf maar eens af of je dat bij je volgende werkgever nog ziet 
gebeuren…  
 
Benny, het is niet meer dan logisch dat ik met jou ga beginnen. Allereerst ben ik je enorm 
dankbaar voor de ontelbare keren dat je mij geholpen hebt bij de experimenten van mijn 
onderzoek, maar ook voor de net zo ontelbare keren daarbuiten. Eigenlijk kon ik aan jou nooit 
iets verkeerds vragen. Ik denk met enorm veel genoegdoening terug aan onze avonturen in de 
technologiehal, aan de vele hilarische momenten binnen en buiten het labo en aan jouw 
legendarische wel-beeld-maar-geen-klank slappe lachbuien. Dat rood, schuddend hoofd bij 
weeral eens een vettig binnenpretje, onvergetelijk! 
 
Frédéric, in een ver verleden begonnen als mijn thesisstudent ben je door de jaren heen 
uitgegroeid tot een echte vriend met wie ik vooral de laatste tijd ontzettend leuke momenten 
heb beleefd. Denk maar aan al die één-tweetjes bij het voetballen die onze tegenstanders tot 
wanhoop dreven, onze door het vrouwelijk publiek bijzonder gesmaakte dansact op het 
podium van de Kokorico of onze goedbedoelde poging om het verkeer te regelen temidden de 
wintersportgekte in Samrée. Bedankt ook voor je hulp bij het afhandelen van de praktische 
doctoraatsbeslommeringen! 
 
Imogen, of je dat nu wil of niet, jij blijft voor mij gewoon de kleurrijkste figuur van het labo! 
Even gedreven als Frédéric, soms een beetje driftig en best wel luidruchtig, maar steeds met 
de beste bedoelingen. Bedankt om altijd klaar te staan met goeie raad, en dat je in ons bureau 
voor leven in de brouwerij zorgt is natuurlijk een understatement van ‘k-zal-u-gaan-hebben! 
 
Tenslotte nog een speciaal woordje van dank voor Nathalie en Jeroen, de één bruisend en 
kwebbelerig, de ander rustig en sportief, maar elk op hun manier bijdragend tot de 
uitmuntende sfeer in A19a. Wij vormen daar een hutsepot van karakters, maar toch klikt het 
wonderwel in ons bureau. Ik wil jullie beiden heel veel succes wensen met jullie 
respectievelijk doctoraatsonderzoek! 
 
Ook de andere collega’s, die ik er moeilijk allemaal individueel kan uitpikken omdat mijn 
woord vooraf anders zo lang wordt dat geen kat tot het einde leest, wil ik bedanken. FTE zou 
nooit hetzelfde geweest zijn zonder elk van jullie! 
 
Een dikke merci ook voor de talrijke thesisstudenten die in de loop der jaren hun steentje (nu 
ja, zeg maar forse kasseisteen) hebben bijgedragen tot dit doctoraat. Ik had bovendien het 
geluk om jaar na jaar gezegend te zijn met stuk voor stuk toffe mensen met wie het 
aangenaam samenwerken was. Ik kan alleen maar hopen dat zij dat van hun kant ook zo 
ervaren hebben… Eentje wil ik er toch even uitlichten, en het zal weinigen verbazen dat dat 
Liesbeth is. Beth, nooit durven denken dat ik aan het begeleiden van een thesis zo’n goeie 
vriendin zou overhouden, maar daarom doet het niet minder deugd! 
 
Als ik op de eerste pagina schrijf dat ik nooit heb wakker gelegen van mijn doctoraat, dan 
komt dat omdat ik nu eenmaal iemand ben die heel goed weet wat nu echt belangrijk is in zijn 
leven, waar het uiteindelijk allemaal om draait. En het belangrijkste in mijn leven, dat is mijn 
Annickske, mijn zotte mie. Zij is het die mij gelukkig maakt, haar gelukkig maken is waar het 
mij allemaal om te doen is en doet de rest soms zo onbenullig lijken. Met haar aan mijn zij 
voel ik mij als van gewapend beton, als een brok graniet. Je mag gerust proberen om mij uit 
mijn evenwicht te brengen, om een mentale deuk in mij te slaan, om mij onderuit te halen … 
maar je zal alleen jezelf pijn doen. 
 
Daarnaast is er mijn familie op wie ik altijd en onvoorwaardelijk kan terugvallen. Zeg nu zelf: 
wat kan er gebeuren als je voorzien bent van een stel superouders, een fantastisch koppel 
schoonouders en twee blitse moordzussen? En het wordt pas uitzonderlijk wanneer je beseft 
dat we allemaal samen een hechte kliek vormen waar geen speld tussen te krijgen is. Jullie 
hebben geen idee wat een goed gevoel dat Annick en mij geeft.  
 
Om af te sluiten een speciaal woordje van dank voor Rik, mijn beste vriend en al sinds de 
kleuterklas een constante factor in mijn leven. Het is heerlijk om iemand te hebben met wie je 
ongeremd over echt àlles kan babbelen (hoewel een gesprek met jou toch altijd eenzelfde 
richting blijkt uit te gaan, gij vetzakske). En nu ik je speciaal vermeld heb in mijn doctoraat 
verwacht ik op zijn minst een tractatie met een kwaliteitssigaar op de Crazy Shower Party! 
 
Oh ja, nog één ding. Omdat ik altijd wel te vinden ben voor een hersenbreker heb ik in dit 
woord vooraf een gecodeerde boodschap verwerkt die je leidt naar een plaats die mij voor de 
rest van mijn leven zal bijblijven en een grote invloed op mij heeft gehad. De eerste die deze 
plaats vindt wacht een spraakmakende verrassing…  
 
Zoekt en gij zult vinden! 
 
Dirk 
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SUMMARY 
 
Carrageenan is a polysaccharide extracted from red seaweeds and one of the most important 
hydrocolloids in the world. Of the different commercial types available, kappa-carrageenan is 
mainly applied for its ability to generate firm, brittle gels during heating and subsequent 
cooling in the presence of gel-promoting cations like potassium. When applied as gelling 
agent in food products, carrageenan has a predominant effect on the texture which counts for 
one of the key determinants of consumer acceptance, being one of the main sensorial 
properties. However, carrageenan gelation and the final food texture are importantly affected 
by the presence of other food constituents like proteins and other polysaccharides. Ingredient 
interactions in carrageenan gels have therefore been the subject of numerous studies, though 
almost exclusively in simple model systems. This research was focused on carrageenan 
functionality in complex systems with a strong resemblance to real foods, both with respect to 
the amount and proportion of ingredients used. 
 
Two model systems were investigated: a cooked ham model system, composed of buffer 
solution, salt-soluble meat proteins, κ-carrageenan, and salts, and a dairy dessert model 
system, consisting of water, skimmed milk powder, starch, κ-carrageenan, and sugar. For both 
systems, an experimental mixture design was used to study the influence of compositional 
variations on the final product properties. In this type of design only the concentration of the 
ingredients of interest is varied, while the content of ingredients that are not considered is kept 
constant. This approach thus guarantees that observed changes in the product properties can 
be exclusively ascribed to the components that are included in the experimental design. 
 
In dairy desserts carrageenan is usually the gelling agent of choice because of the well-
described milk reactivity of carrageenan, allowing it to form a gel at concentrations that are 
lower than those required for other hydrocolloids to gel. This milk reactivity has been 
ascribed to an electrostatic interaction between a positively charged region of κ-casein and the 
negatively charged sulphate groups of carrageenan. However, in lab-scale desserts that were 
obtained following a heat treatment at 90°C, native maize starch was shown to have a larger 
contribution to the complex modulus G*, obtained from small-amplitude oscillation test, and 
the gel strength, determined by a large deformation penetration test, than skimmed milk 
powder (SMP) within the concentration ranges of the experimental design. As far as the 
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complex modulus is concerned, this was also true for sterilized and pilot-scale desserts that 
were prepared through a heat treatment at 120°C and 130°C, respectively. With respect to the 
gel strength of the desserts, SMP became increasingly important as the process conditions 
were intensified. Results suggest that starch granules importantly affect the rheological 
properties as they occupy a large volume fraction and concentrate carrageenan in the 
continuous water phase. In addition, swollen starch granules also directly contribute to the 
mechanical strength of the desserts acting as inert fillers in the voids of the gel network. The 
deviation between the small and large deformation behaviour could be caused by this filling 
action of starch. It is suggested that starch granules considerably influence the rheological 
properties upon shearing, but are readily deformed when subjected to uniaxial forces and thus 
contribute little to the gel strength as a measure of the large deformation behaviour of the 
desserts. Casein micelles are believed to interact with κ-carrageenan and become included in 
the gel network, although it remains unclear whether they effectively participate in network 
formation, bridging carrageenan helices, or act as reinforcing fillers. This carrageenan/milk 
protein network constitutes the main structural feature of the dairy desserts and is thought to 
be particularly reflected in the large deformation behaviour. The increasing importance of 
SMP at more intense heat treatments may be the result of more extensive whey protein 
denaturation and subsequent complexation with casein micelles. 
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In cooked sliced meat products, the application of carrageenan is based on its low viscosity 
when dispersed in the brine to be injected in the meat, its hydration during the cooking 
process and its gelation upon cooling. The advantages of the use of carrageenan in these 
products include an improvement in moisture retention, cooking yield, slicing properties, 
mouthfeel, and juiciness. However, no consensus exists about the exact role of carrageenan in 
the formation of the microstructure of cooked meats. Results obtained in this research 
strongly suggest that carrageenan is not involved in the build-up of the continuous gel 
network, which is believed to be constituted of myofibrillar meat proteins. As meat proteins 
are denatured upon heating and consequently aggregate, a three-dimensional network is 
formed. Carrageenan is present in the cavities of the protein network where it binds water and 
may form gel fragments upon cooling. This hypothesis is confirmed by the observation that 
the properties of the gelled meat products are primarily governed by the concentration of meat 
proteins, although the presence of κ-carrageenan always leads to an increase in complex 
modulus, gel strength, and water holding capacity. Finally, confocal scanning laser 
microscopy, used to visualize the microstructure, clearly showed the continuous, three-
 Summary vii 
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dimensional nature of the protein network while carrageenan was found to be present in small, 
discrete regions in the meat product. 
 
This work has provided new insights in the role of κ-carrageenan and its interactions with 
other constituents in gelled dairy desserts and meat gels. It was also demonstrated that 
extending research on hydrocolloid functionality to practically real food systems may yield 
information and insights that can hardly be obtained from studies performed on simple model 
systems. Working with such complicated products however requires choosing the appropriate 
approach with respect to experimental design and data analysis. 
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SAMENVATTING 
 
Carrageen, een polysaccharide dat wordt geëxtraheerd uit rode zeewieren, is wereldwijd één 
van de belangrijkste hydrocolloïden. Van de verschillende types die commercieel beschikbaar 
zijn wordt kappa-carrageen voornamelijk toegepast omwille van zijn vermogen om stevige 
maar tegelijk breekbare gels te vormen als gevolg van opwarming en daaropvolgende 
afkoeling in aanwezigheid van gelvormende kationen zoals kalium. Wanneer carrageen wordt 
gebruikt als geleermiddel in levensmiddelen oefent het een dominant effect uit op de textuur, 
die beschouwd wordt als één van de voornaamste sensorische eigenschappen en bijgevolg één 
van de belangrijkste factoren is in de appreciatie van een levensmiddel door de consument. 
Het geleerproces van carrageen en de textuur van het finale levensmiddel worden in 
belangrijke mate beïnvloed door de aanwezigheid van andere ingrediënten zoals eiwitten en 
andere polysacchariden. Ingrediëntinteracties in carrageengels zijn daarom reeds uitvoerig 
onderzocht in talrijke studies, maar dan wel bijna uitsluitend in eenvoudige modelsystemen. 
Dit onderzoek was gericht op de functionaliteit van carrageen in complexe systemen die een 
sterke gelijkenis vertoonden met reële levensmiddelen, zowel wat betreft het aantal als de 
verhouding van de gebruikte ingrediënten. 
 
Onderzoek werd verricht op twee modelsystemen: een gekookte ham modelsysteem, 
samengesteld uit bufferoplossing, zoutoplosbare vleeseiwitten, κ-carrageen en zouten, en een 
melkdessert modelsysteem, bestaande uit water, afgeroomd melkpoeder, zetmeel, κ-carrageen 
en suiker. Voor beide systemen werd een experimentele mengproefopzet gebruikt om de 
invloed van veranderingen in samenstelling op de finale producteigenschappen te 
onderzoeken. Binnen een dergelijke proefopzet wordt enkel de concentratie van de 
ingrediënten van belang gevarieerd, terwijl het gehalte aan ingrediënten die niet beschouwd 
worden constant wordt gehouden. Bijgevolg garandeert deze aanpak dat waargenomen 
verschillen in de desserteigenschappen volledig kunnen toegeschreven worden aan de 
componenten die als variabelen worden opgenomen in de experimentele proefopzet  
 
In melkdesserten wordt carrageen gewoonlijk verkozen als geleermiddel omwille van zijn 
uitvoerig beschreven melkreactiviteit waardoor carrageen in staat is om een gel te vormen bij 
concentraties die lager zijn dan de vereiste concentraties voor andere hydrocolloïden. Deze 
melkreactiviteit wordt toegeschreven aan een electrostatische interactie tussen een positief 
__________________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
 Samenvatting x 
__________________________________________________________________________________________ 
geladen regio van κ-caseïne en de negatief geladen sulfaatgroepen van carrageen. Toch bleek 
in melkdesserten op laboschaal, die werden bereid door middel van een warmtebehandeling 
bij 90°C, dat natief maïszetmeel binnen de concentratiegebieden van de experimentele 
proefopzet een grotere bijdrage leverde tot de complexe modulus G* en de gelsterkte, 
respectievelijk bekomen via een oscillatiemeting bij kleine vervorming en een 
penetratiemeting bij grote vervorming, dan mager melkpoeder. Voor de complexe modulus 
was dit eveneens het geval voor gesteriliseerde en pilootschaal desserten die werden bereid 
door middel van een warmtebehandeling bij respectievelijk 120°C en 130°C. Wat betreft de 
gelsterkte van de desserten nam het belang van mager melkpoeder toe naarmate de 
procescondities intenser werden. De resultaten lijken erop te wijzen dat zetmeelgranules een 
belangrijke invloed uitoefenen op de reologische eigenschappen doordat zij een grote 
volumefractie innemen en carrageen zodoende concentreren in de continue waterfase. 
Daarenboven dragen gezwollen zetmeelgranulen ook rechtstreeks bij tot de mechanische 
sterkte van de desserts doordat ze functioneren als inert vulmateriaal in de holtes van het 
gelnetwerk, wat mogelijk de reden is voor het verschil tussen het kleine en grote 
vervormingsgedrag. Zetmeelgranules lijken een aanzienlijke invloed te hebben op de 
reologische eigenschappen onder afschuiving, maar worden blijkbaar makkelijk vervormd 
wanneer ze worden onderworpen aan uniaxiale krachten waardoor ze maar in kleine mate 
bijdragen tot de gelsterkte als maat voor het grote vervormingsgedrag. Caseïnemicellen 
interageren meer dan waarschijnlijk met κ-carrageen en worden aldus ingesloten in het 
gelnetwerk, hoewel het onduidelijk is of ze effectief deelnemen aan netwerkvorming door 
carrageenhelices te verbinden of functioneren als versterkend vulmateriaal. Dit 
carrageen/melkeiwit netwerk vormt het belangrijkste structurele kenmerk van het melkdessert 
en wordt dus voornamelijk weerspiegeld in het grote vervormingsgedrag. De toenemende 
belangrijkheid van mager melkpoeder bij intensere warmtebehandelingen wordt mogelijk 
veroorzaakt door een meer doorgedreven denaturatie van weiproteïnen en daaropvolgende 
complexvorming met caseïnemicellen. 
 
__________________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
Het gebruik van carrageen in gekookte, versneden vleeswaren is gebaseerd op zijn lage 
viscositeit bij dispersie in de zoutoplossing die wordt geïnjecteerd in het vlees, zijn hydratatie 
gedurende het kookproces en zijn gelering tijdens afkoeling. Voordelen van de toepassing van 
carrageen in deze producten omvatten een verbetering van de vochtretentie, kookopbrengst, 
snij-eigenschappen, mondgevoel en sappigheid. Er bestaat echter geen consensus over de 
precieze rol van carrageen in de vorming van de microstructuur van gekookte vleeswaren. De 
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resultaten die werden bekomen in dit onderzoek wijzen er sterk op dat carrageen niet 
betrokken is bij de opbouw van het continue gelnetwerk en dat myofibrillaire vleeseiwitten 
hiervoor verantwoordelijk zijn. Een driedimensionaal netwerk wordt dan gevormd als gevolg 
van denaturatie en daaropvolgende aggregatie van vleeseiwitten. Carrageen is aanwezig in de 
holtes van het eiwitnetwerk waar het water bindt en mogelijk gelfragmenten vormt tijdens 
koeling. Deze hypothese wordt bevestigd door de waarneming dat de eigenschappen van de 
gegeleerde vleesproducten in hoofdzaak bepaald worden door het gehalte aan vleeseiwitten, 
hoewel de aanwezigheid van κ-carrageen altijd leidt tot een toename in complexe modulus, 
gelsterkte en waterhoudend vermogen. Confocale laser scanning microscopie, gebruikt voor 
de visualisatie van de microstructuur, gaf het continue, driedimensionale karakter van het 
eiwitnetwerk weer terwijl carrageen aanwezig bleek te zijn in kleine, verspreide regio’s in het 
vleesproduct. 
 
Dit onderzoek heeft nieuwe inzichten opgeleverd in de rol van κ-carrageen en zijn interacties 
met andere componenten in gegeleerde melkdesserten en vleesgels. Het heeft ook aangetoond 
dat het uitbreiden van het onderzoek naar de functionaliteit van hydrocolloïden naar bij 
benadering reële voedingssystemen informatie kan opleveren die nauwelijks kan bekomen 
worden via studies uitgevoerd op eenvoudige modelsystemen. Wanneer gewerkt wordt met 
dergelijke complexe producten is de keuze van een geschikte benadering met betrekking tot 
de experimentele proefopzet en dataverwerking van vitaal belang. 
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INTRODUCTION 
 
Consumer appreciation of a food product is determined to a large extent by its sensory 
perception. As consumers are faced with an increasingly wide range of products and have 
greater spending power, the role of the sensorial properties in determining the consumer 
buying behaviour becomes more and more important. Texture, defined as the physical 
properties originating from the food structure and perceived by the human senses, is one of 
the main sensorial properties and as such one of the key determinants of consumer 
acceptance. In a majority of processed foods, this texture is largely dependent on the presence 
of hydrocolloids, although they are often present at concentrations of less than 1%. The term 
hydrocolloids refers to a range of polysaccharides and proteins that are extensively used in 
food industry and perform important technological functions including thickening and gelling 
aqueous solutions and stabilizing foams, emulsions, and dispersions.  
 
Carrageenan is one of the most important hydrocolloids in the world. Together with pectin, it 
is the main natural gelling polysaccharide that is extracted from plants or seaweeds, excluding 
starch which value alone comprises about 70% of the total hydrocolloid market (Williams & 
Phillips, 2000). In 2001, the annual carrageenan production amounted to 33000 tonnes 
representing a market value of around 300 million US dollars, thereby largely exceeding other 
gums like agar, alginate, locust bean gum, guar, and gum arabic (McHugh, 2003). Nowadays, 
all known applications are almost fully exploited in developed markets like the USA, Europe, 
and Japan. However, strong growth is expected in areas such as Central and South America 
and Southeast Asia, where carrageenan consumption is expected to increase with 50% over 
the next five years. 
 
Of the different commercial types available, kappa-carrageenan is mainly applied for its 
ability to generate firm, brittle gels during heating and subsequent cooling in the presence of 
gel-promoting cations like potassium. However, as most food products can be regarded as 
complex multi-component systems, the build-up of a carrageenan gel network is importantly 
influenced by the presence of other food ingredients, both major constituents like proteins and 
carbohydrates and minor constituents like minerals. Interactions between various components 
may considerably affect the individual functional properties and have major implications on 
the final texture of the food product. 
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Functionality of κ-carrageenan in complex food gels 
Aware of the occurrence and importance of ingredient interactions in carrageenan-gelled food 
products, the influence of different food constituents like milk proteins and starch on 
carrageenan gelation and the resulting textural properties have been the subject of numerous 
studies. This research particularly differentiates from previous studies in the complexity of the 
investigated systems. While earlier studies almost exclusively dealt with simplified two- or 
three-component model systems, this research focuses on two complex food gels with a 
strong resemblance to respectively real dairy desserts and cooked sliced meat products, both 
with respect to the amount and proportion of ingredients used. Although this approach poses 
important consequences on experimental design and result interpretation, it allows examining 
whether phenomena observed in simple model systems are expected to also occur in 
commercial products, and if so, what their relative importance is on the texture of these food 
products. This type of research may thus yield information that facilitates the production of 
convenient, high quality products that meet specific consumer demands, considering the still 
existing lack of knowledge about the phenomena taking place during the processing of many 
foods. 
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CHAPTER 1: FOOD GELS 
 
1. INTRODUCTION 
 
Gelling agents capable of building three-dimensional networks at the appropriate 
circumstances play an essential role in a wide variety of food products. They may fulfil many 
different functions, most of which are related to the texture and stability of foods. Gelation 
processes as such have an important impact on food processing and put considerable 
implications on equipment and installations. 
 
Being by far the most important gelling agents, as well as stabilizers for emulsions and foams, 
proteins and polysaccharides are the main determinants of food structure (Tolstoguzov, 1991). 
In general, polysaccharide gelation requires a low polymer concentration and is induced by 
heating and subsequent cooling, pH adjustment or addition of specific ions (Harris, 1990). On 
the other hand, protein gels are usually characterized by a higher polymer concentration (5-
10%) and are almost exclusively formed by heat denaturation.  
 
2. DEFINITION AND TYPES OF GELS 
 
As can be seen from the almost infinite amount of definitions found in literature, a gel is more 
readily recognized than defined. For example, Aguilera (1992) defines a gel as a three-
dimensional polymeric network holding large quantities of solvent and showing mechanical 
rigidity, meaning the absence of fluidity during observation times. According to Ziegler & 
Foegeding (1990) a gel is a continuous network of macroscopic dimensions immersed in a 
liquid medium and exhibiting no steady-state flow. In general, the many different definitions 
seem to have in common that a gel consists of at least two components or phases, which is 
regarded as the minimum requirement for a gel (Viebke, 2003). One of these components 
forms a continuous, three-dimensional network extending over the entire product and imparts 
a solid character to the gel. In foods, this so-called solid component is usually a biopolymer, 
forming a network through junction zones and branching points. The second component is a 
liquid, usually water in foods, that is contained within the network of the solid component. 
The properties of a food gel are the result of complex interactions between water and the 
biopolymer (Dierckx, 2000). Water as a solvent influences the nature and the magnitude of 
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the intermolecular forces that maintain the integrity of the polymer network, which in turn 
prevents the water from flowing away. 
 
Gels are usually classified according to the cross-linking mechanism involved in the 
formation of the polymer network and to the nature of the network structure (Aguilera & 
Stanley, 1999). Based on these criteria, Flory (1974) proposed the following classification: 
 
• well-ordered lamellar liquid crystalline mesophases (e.g. soap gels and phospholipids) 
• completely disordered covalently cross-linked polymeric networks (e.g. rubbers) 
• polymeric networks formed through physical aggregation, predominantly ordered, but 
with regions of order (e.g. gelatin gels) 
• disordered particulate networks (e.g. some globular protein gels) 
 
According to Flory (1974), the common factor linking these different types is the long-
distance structural coherence providing a gel with the mechanical characteristics of a solid 
upon deformation, although their exact rheological behaviour may vary greatly as a result of 
large differences in structure. With respect to foods, particularly gels of the last two classes 
are of importance. Most biopolymers form so-called physical gels that are constructed by 
hydrogen bonds and electrostatic and hydrophobic interactions rather than covalent links 
(Lopes da Silva et al., 1998; Ross-Murphy, 1998). They differentiate from covalent networks 
in the nature of the cross-links, which do not have a point character but are more extended 
junction zones or even particulate structures. Moreover, unlike chemical bonds their number 
and position may fluctuate with time and temperature (Ross-Murphy, 1995a). 
 
3. GEL FORMATION 
 
Gels originate from polymeric solutions or particulate suspensions upon changing the external 
(temperature, pressure) or internal (pH, ionic strength, low molecular weight solutes, ion 
types) conditions. These changes lead to the transition of the dissolved/dispersed state to the 
gel state, referred to as the sol-gel conversion (Clark, 1992). Eventually a network is formed, 
stretching out over the entire container volume. An overview of some important gelling 
agents in foods and the factors that trigger gelation is given in Table 1.1. 
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Table 1.1. Gelation requirements of frequently used gelling biopolymers in foods (Adapted from 
Lopes da Silva et al., 1998) 
Gelling biopolymer Main factors inducing gelation 
Agarose Heating and subsequent cooling 
Alginate Presence of divalent cations (usually Ca2+) 
Carrageenan Heating and subsequent cooling 
Presence of gel-promoting cations 
Casein Enzymatic action followed by Ca2+-mediated precipitation 
Acidification 
Gelatin Heating and subsequent cooling 
Pectins (HM) Heating and subsequent cooling 
Low pH 
Low water activity (usually by presence of sugar) 
Pectins (LM) Presence of divalent cations (usually Ca2+) 
Starch Heating and subsequent cooling 
Whey proteins Heating and subsequent cooling 
 
The driving force behind gelation is believed to be the underlying aggregation process that 
commences when the required conditional changes occur. As aggregation proceeds, the 
viscosity of the liquid increases until a critical degree of aggregation or branching is reached 
(Ross-Murphy, 1995a). At this so-called gel point, both the viscosity and the average 
molecular weight of the aggregates rapidly rise to infinity. One aggregate exceeds the others 
in size and develops into the gel network, while the rest of the aggregates maintain their size 
distribution at much lower molecular weights. As the gelation process carries on, the small 
aggregates merge with the gel network until finally the sol fraction disappears.  
 
Different gel formation mechanisms, which roughly correspond with the different gel types 
mentioned in section 1.2, are visualized in Fig. 1.1 (Clark, 1992). Point cross-linking (Fig. 
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1.1a) is typical for a covalently bound network, of which a gluten gel is a rare food example. 
Physical gels are characterized by extended junction zones (Fig. 1.1b) because the bonds 
involved in network formation are much weaker than covalent bonds. The nature of the 
junction zones can be considerably different depending on the gelling agent used, as shown in 
Fig. 1.2 (Aguilera & Stanley, 1999). Gelatin gels are built-up by the formation of triple 
helices that are separated by chain segments with a random coil conformation (Fig. 1.2a). 
Gelation of low-methoxy pectin and alginate is characterized by so-called egg-box structures, 
in which single ribbons are connected by the specific action of calcium ions (Fig. 1.2b). The 
junction zones involved in kappa-carrageenan gels are shown in Fig. 1.2c and consist of 
double helices held together by cations, preferably potassium ions. Figure 1.2d shows bundles 
of double helices responsible for network formation in agarose gels. 
 
 
Fig. 1.1. Representation of main gel formation mechanisms: (a) point cross-linking; (b) junction zone 
formation; (c) particle association; (d) spinodal decomposition (From Clark, 1992) 
 
Networks formed through particle association or particulate networks, like casein or whey 
protein gels, are shown in Fig. 1.1c. This type of network arises when macromolecules in 
compact, semi-rigid conformation aggregate into chains, referred to as strings-of-beads, or 
random clusters (Clark, 1992; Dierckx, 2000). One single biopolymer may take on both 
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network forms depending on the gelation conditions, such as concentration, pH, ionic 
environment, etc. (Oakenfull et al., 1997). Finally, Fig. 1.1d shows the network formation 
mechanism called spinodal decomposition that is induced by the incompatibility between 
polymer and solvent in a polymer solution. 
 
 
Fig 1.2. Overview of different types of junction zones: (a) triple helices of gelatin gels; (b) egg-box 
structures of pectin and alginate gels in the presence of Ca ions; (c) aggregated double helices in 
carrageenan gels; (d) bundles of double helices in agarose gels (Adapted from Aguilera & Stanley, 
1999) 
 
4. MIXED GELS 
 
Food gels are usually complex systems: besides included solid particles that act as inert fillers 
and may have an important influence on the functional properties, gel networks are often 
constituted of more than one gelling agent (Cesaro et al., 1999; Clark, 1992). In many cases, 
the functionality of a mixture of biopolymers is superior to that of the individual components 
due to the occurrence of molecular interactions (Aguilera & Stanley, 1999; Oakenfull et al., 
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1997). In a solution of two biopolymers, interactions can lead to three different phenomena, as 
shown in Fig. 1.3 (Tolstoguzov, 1991): 
 
• Co-solubility or compatibility: no significant interaction takes place and both 
biopolymers coexist in a single homogeneous phase; in case of partial compatibility 
two phases exist, both enriched in one biopolymer. 
• Incompatibility: the existence of repulsive forces results in the formation of two 
separate phases 
• Complexation: attraction between the two biopolymers induces complex formation, as 
a result of which both are present in a single phase or precipitate 
 
 
Fig. 1.3. Overview of different interactions that may occur in a protein/polysaccharide mixture (From 
de Kruif & Tuinier, 2001) 
 
The mixing behaviour of polymer solutions can be described in terms of the free energy of 
mixing ∆Gmix that is often found to be positive and thus indicative for incompatibility due to 
the fact that the entropy gain on mixing is small (Morris, 1990; Williams & Phillips, 1995). 
The entropy of mixing depends on the amount of molecules present rather than on the weight 
concentration and is therefore always much lower for polymers than for small molecules. As a 
result, the free energy of mixing is mainly determined by the enthalpic contribution that 
originates from the energies of interaction between the polymer chains (Tolstoguzov, 1997). 
Often, interactions between chains of different polymers are less favourable than those 
between segments of the same polymer, so there is a tendency to exclude foreign polymer 
chains and become surrounded by similar molecules. Consequently, the effective 
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concentration of both biopolymers is raised in their separated regions, which is referred to as 
the excluded volume effect. 
 
Obviously, the behaviour of the polymers upon mixing has a great influence on the gels that 
may be formed from the mixture. Moreover, Zasypkin et al. (1997) pointed out that, since 
gelation involves a transfer of molecules from the solution to the forming network, the 
excluded volume effect of the polymers decreases, making the dispersion medium a better 
solvent. This implies that the structure and properties of a mixed gel depend on the nature of 
the polymers present as well as on the kinetics of gelation.  
 
From a mixture of two biopolymers, each capable of forming a three-dimensional network, 
different gel structures may be formed (Fig. 1.4). In a swollen network one biopolymer forms 
a continuous gel network, while the other is trapped in the voids of the network (Fig. 1.4a). If 
the latter biopolymer also gels, constituting gel fragments within the spaces of the main 
network as shown in Fig. 1.4c, the resulting structure is called a phase separated network 
(Aguilera, 1992; Williams & Phillips, 1995). These types of network can only arise from 
phase separated solutions and therefore requires thermodynamic incompatibility between the 
two polymers in solution (Aguilera & Stanley, 1999). 
 
 
Fig. 1.4. Representation of different mixed gel networks: (a) swollen network; (b) interpenetrating 
network; (c) phase separated network; (d) coupled network (Adapted from Williams & Phillips, 1995) 
 
__________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
 Chapter 1. Food gels 10 
__________________________________________________________________________________ 
An interpenetrating network consists of two individual, entangled networks that stretch out 
over the entire container volume and originates from a solution of compatible biopolymers 
(Oakenfull et al., 1997). It can also arise from a solution of incompatible polymers that is 
rapidly gelled upon mixing before phase separation could take place. In a coupled network 
chains of both polymers interact directly to form the gel network (Fig. 1.4d). Coupled 
networks may even be constituted of two components that are not able to gel individually. 
 
5. RHEOLOGY OF GELS 
 
5.1. Introduction to rheology of gels 
 
5.1.1. Definition 
 
Rheology is defined as the science of deformation and flow and studies how a material 
responds to an applied stress or strain (Morris, 1995). Food rheology plays a key role in 
process engineering, ingredient selection, product formulation, quality control, and evaluation 
of texture (Steffe, 1996). Rheological properties can be divided into fundamental and 
empirical properties. Fundamental rheological properties are independent from the instrument 
on which they are measured and are determined via well-described procedures. Empirical 
rheological properties are subjective and instrument dependent and require accurate 
standardization of both instrument and procedure. Often empirical tests are designed to 
imitate a specific human operation like chewing and are then referred to as imitative tests 
(Tunick, 2000). These tests yield parameters which may show good correlation with sensory 
evaluation by a taste panel (Urbicain & Lozano, 1997).  
 
5.1.2. Rotational rheometry 
 
A rotational rheometer is the most frequently used type of equipment to determine the 
fundamental rheological properties of foods and many other materials and involves the 
shearing of the test material between rotating cylinders, cones or plates (Whorlow, 1992). 
Figure 1.5 shows how a material is deformed when it is subjected to a shear force. In 
comparison with other types of rheological equipment, rotational rheometers offer the 
advantage that the sample can be sheared for as long as desired, allowing the study of time-
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dependence, and that at the appropriate conditions the entire sample can be subjected to a 
uniform shear rate.  
 
 
Fig. 1.5. Deformation caused by a shear force 
 
The two ideal extremes of rheological behaviour are Hookean solids and Newtonian liquids 
(Morris, 1995; Tung & Paulson, 1995). When a shear stress σ (i.e. shear force divided by the 
area over which the force is distributed, unity Pa) is applied to a Hookean solid, the material 
deforms to a certain extent. In Fig. 1.5, this deformation or strain γ is given by: 
 
α==γ tan
h
du  (1.1) 
 
This resulting strain is in proportion to the magnitude of the applied stress: 
 
γ=σ G  (1.2) 
 
where G is the shear modulus or modulus of rigidity (Pa). When the applied stress is removed, 
the material recovers and returns to the initial position and shape. 
 
A Newtonian liquid subjected to a shear stress will continue to deform or flow as long as the 
stress is applied. The deformation rate, better known as shear rate (s-1), is given by: 
 
dt
d. γ=γ  (1.3) 
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Similar to the strain for a Hookean solid, the shear rate of a Newtonian liquid is proportional 
to the magnitude of the applied stress: 
 
.γη=σ  (1.4) 
 
where η is the viscosity (Pa.s). Unlike a Hookean solid, an ideal liquid does not show elastic 
recovery when the stress is removed. As the liquid just stops flowing, deformation is 
permanent.  
 
Food gels usually are viscoelastic, which means their rheological behaviour is intermediate 
between the two above mentioned extremes. When a viscoelastic material is deformed and the 
deforming stress is removed, part of the deformation will be permanent due to viscous flow 
while the other part of the deformation will be reversible due to elasticity (Rha, 1979). In 
dynamic tests, a viscoelastic material is subjected to small amplitude sinusoidal strains, as 
shown in Fig. 1.6 (English, 2003; Steffe, 1996; Urbicain & Lozano, 1997). Written as a 
function of time, the strain is given by: 
 
)tsin(0 ωγ=γ  (1.5) 
 
where γ0 is the maximum deformation or the deformation amplitude and ω is the oscillatory 
frequency expressed in radians per second. The corresponding shear stress can be written as: 
 
)tsin(0 δ+ωσ=σ  (1.6) 
 
 
Fig. 1.6. Material deformation during a dynamic test 
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with σ0 being the shear stress amplitude and δ the phase shift relative to the strain, also called 
phase angle and expressed in degrees. For a Hookean solid the shear stress is always in phase 
with the strain (δ = 0), whereas it is 90° out of phase for a Newtonian liquid (Peleg, 1987; 
Whorlow, 1992). A viscoelastic material will show a phase shift between 0° and 90°, 
depending on the relative elastic and viscous component of the material (Fig. 1.7).  
 
 
Fig. 1.7. Dynamic response of an elastic, viscous, and viscoelastic material to oscillatory shear (From 
Tung & Paulson, 1995) 
 
Based on trigonometry, the stress function in eq. 1.6 can be split up in two components: 
 
)tcos(sin)tsin(cos 00 ωδσ+ωδσ=σ  (1.7) 
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the first being in phase with the strain and the other being 90° out of phase. The storage or 
elastic modulus G’ (Pa) is a measure of the energy that is stored and recovered per oscillation 
cycle and is defined as the in-phase stress divided by the strain: 
   
δγ
σ= cos'G
0
0  (1.8) 
 
The loss or viscous modulus G” (Pa) is an estimate of the energy that is dissipated as heat per 
oscillation cycle and is defined as the out-phase stress divided by the strain: 
 
δγ
σ= sin"G
0
0  (1.9) 
 
The ratio of the loss and storage moduli is equal to the tangent of the phase angle δ, also 
referred to as the loss tangent: 
 
'G
"Gtan =δ  (1.10) 
 
Finally, the complex modulus G* combines the in and out of phase component and can be 
written as: 
 
"iG'G*G +=  (1.11) 
 
The modulus of the complex modulus (Pa) is defined as the ratio of the stress amplitude to the 
strain amplitude and is given by: 
 
"²G'²G*G
0
0 +=γ
σ=  (1.12) 
 
G* is regarded as a measure of the consistency of a material 
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5.2. Gelation curves 
 
As gelation is essentially the transition from liquid to solid taking place at the gel point, 
monitoring the mechanical properties is the best and most logic approach to study a gelation 
process. However, the procedures used to study the progress of network formation have to 
meet certain requirements (Clark, 1992; Doublier & Cuvelier, 1996): 
 
• the measurement has to be sufficiently fast to gather enough data points along the 
course of gelation 
• the measurement can not disturb the system outside its linear response range as 
network formation can not be influenced by the measurement itself 
• the measurement must provide an objectively interpretable physical parameter that is a 
significant indicator of the network character 
 
By far the most frequently used method to monitor gel formation is small amplitude 
oscillatory rheology (Clark & Amici, 2003; Ross-Murphy, 1995a, b). In these experiments, 
the liquid product is loaded on a rheometer prior to gelation and subjected to continuous 
oscillation as the aggregation process and subsequent network formation proceed. A typical 
gelation curve obtained upon monitoring G’ and G” in function of curing time is shown in 
Fig. 1.8. Usually G” is initially larger than G’, indicating that the starting solution is a 
viscoelastic liquid showing a rather viscous than elastic behaviour. After a certain time during 
which both moduli show a steady increase due to the aggregation of biopolymers, the G’ and 
G” curves cross. This is followed by a sharp increase in G’ as the system response becomes 
more and more elastic and the consistency rises. A considerable increase in G” is also 
observed, which is often followed by a maximum as the gel network is strengthened and still 
becomes more elastic. Finally G’ and G” will attain an equilibrium value as the curing process 
is completed. The cross-over point of the G’ and G” curves, or the point where G’ and G” are 
equal and tan δ is 1, is considered to correspond with the gel point at which a critical degree 
of branching is reached (Tung & Dynes, 1982). The time to reach the cross-over point is 
referred to as the gel time tg (Ross-Murphy, 1998). Gelation curves may also be obtained 
during a temperature ramp, in which case the temperature at the cross-over point is defined as 
the gelation temperature Tg.  
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Fig. 1.8. Typical G’ and G” curves as a function of curing time observed upon monitoring a gelling 
system with mechanical spectroscopy, including the indication of the gel time tg (Adapted from Clark, 
1992) 
 
However, this crossing may not be observed when a limited sensitivity does not permit an 
accurate measurement of the moduli or when the system prior to gelation is characterized by a 
significant yield stress, for instance due to the presence of thickening agents (Clarke, 1992; 
Lopes da Silva et al., 1998). In such a case, the occurrence of the sharp rise in G’ is used as an 
indication for the gel point (Dierckx, 2000).  
 
5.3. Rheological properties of cured gels 
 
5.3.1. Small deformation tests 
 
Small amplitude oscillation measurements are also performed on fully cured gels, i.e. gels of 
which the dynamic moduli have reached their equilibrium value or are changing only very 
slowly with time. Typically, the frequency, strain, and/or temperature dependence of the 
oscillation parameters are determined to characterize the obtained gel (Clark, 1992).  
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A frequency sweep is used to determine how the viscous and elastic component of a material 
change with the rate of application of a stress or strain. When a gel is subjected to oscillation 
at different frequencies, G’ and G” curves are expected to look like the ones shown in Fig. 
1.9a. Over a significant range of frequencies the storage and loss modulus are roughly 
independent of frequency, while G’ is much larger than G” due to the predominant elastic 
nature of the gel (Steffe, 1996). Figure 1.9b shows the typical G’/G”-frequency curve of an 
entangled polymer solution that behaves mainly elastic at elevated frequencies but mainly 
viscous below a certain threshold frequency. The presence of a cross-over point in the G’ and 
G” curves distinguishes an entangled polymer solution from a true gel (Doublier & Cuvelier, 
1996; Morris, 1995).  
 
 
Fig. 1.9. Typical G’ and G” curves obtained from a frequency sweep for (a) a gel and (b) an entangled 
polymer solution (From Clark, 1992) 
 
During an amplitude sweep a gel is subjected to oscillation while the applied stress or strain is 
constantly increasing. As shown in Fig. 1.10, G’ and G” remain constant over a certain strain 
or stress range, which is referred to as the linear viscoelastic region or LVR (Steffe, 1996). In 
this LVR the value of the dynamic moduli is thus not affected by the magnitude of the applied 
stress or strain, indicating that no structural damage takes place. Based on the magnitude of 
the LVR, a distinction is sometimes made between weak and strong gels (Clark, 1992). 
Linkages holding together a weak gel are more susceptible to disruption than those in strong 
gel systems, resulting in a limit of linear response of only 0.5% strain or even less. The LVR 
of strong gels may stretch out to 20% strain or more. 
__________________________________________________________________________________ 
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Fig. 1.10. Typical response to a strain or stress sweep showing the linear viscoelastic region (From 
Steffe, 1996) 
 
As many biopolymer gels are thermoreversible, monitoring the oscillation parameters upon 
heating provides a tool for studying gel melting and observing the temperature range over 
which it occurs (Clark, 1992). A gel melting curve is basically the opposite of a gelation 
curve, showing a large decrease in G’ and G” which eventually cross at the melting 
temperature Tm as the gel is converted to a sol (Doublier & Cuvelier, 1996). Thermoreversible 
biopolymer gels usually show thermal hysteresis, which means that the melting temperature 
Tm is higher than the gelation temperature Tg (Fig. 1.11). The temperature dependence of 
thermally irreversible gels may also be of interest: usually the dynamic moduli show a 
decrease with increasing temperature, suggesting that network strands contribute less to the 
moduli at elevated temperatures or that the cross-link density of the gels is reduced 
(Richardson & Ross-Murphy, 1981).  
 
5.3.2. Large deformation tests 
 
While small deformation measurements stay within the LVR of a gel and yield information 
about the unperturbed gel structure, large deformation measurements involve large stresses 
and strains that go well beyond the LVR limit and essentially show how the gel structure is 
broken down (Aguilera & Stanley, 1999; Bourne, 1979). Small and large deformation tests 
usually also differ in the nature of applied forces: shear forces for the former, uniaxial 
compression or extension forces for the latter. In general, large deformation fundamental tests 
are used to determine the so-called failure properties of a gel that consist of the stress-to-break 
and the strain-to-break (Clark, 1992; Foegeding, 2005; van Vliet & Luyten, 1995).  
 
__________________________________________________________________________________ 
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Fig. 1.11. Thermal hysteresis of a κ-carrageenan gel with Tg the gelation temperature upon cooling 
and Tm the melting temperature upon subsequent heating (own result) 
 
Furthermore, a whole range of empirical tests exist that are often carried out on a texture 
analyzer or texturometer. This is an instrument that basically records time, displacement, and 
force and is used to compress, penetrate, or stretch out gels using a wide variety of measuring 
geometries (Urbicain & Lozano, 1997).  
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CHAPTER 2: CARRAGEENAN 
 
1. INTRODUCTION 
 
For many centuries, red seaweeds have been harvested and used as foods. In China uses can 
be traced back even to 600 BC. The name carrageenan was derived from the county of 
Carragheen, located at the south coast of Ireland, where red seaweed of the Chondrus crispus 
species, also known as Irish moss, was already used in food and medicine more than 600 
years ago (Imeson, 2000; Trius & Sebranek, 1996).  
 
Carrageenan is a naturally occurring polysaccharide in numerous Rhodophyceae species 
where it fills the voids within the cellulose structure of the plant. It has many functions in 
living algae: cation-exchange barrier, sea water reservoir to prevent desiccation and 
mechanical cell protection against currents and wave motion (Bodeaubellion, 1983). The 
carrageenan content in commercial seaweed is usually 30-60% on a dry weight basis, but can 
be as high as 70-80% (Therkelsen, 1993). It has a galactose backbone with differing 
proportions of ester sulphate groups and 3,6-anhydro-D-galactose. These differences in 
composition provide a wide range of functional properties which are utilised in a large variety 
of foods. The different types of carrageenan display an extensive diversity of rheological 
behaviour ranging from a viscous, non-gelling thickener to thermoreversible gels, which can 
be firm and brittle but also soft and elastic.  
 
2. RAW MATERIALS 
 
Nowadays, most carrageenan is extracted from Kappaphycus alvarezii, previously known as 
Eucheuma cottonii and the most important source of κ-carrageenan, and Eucheuma 
denticulatum, previously known as E. spinosum and the main species for the production of ι-
carrageenan (Bixler et al., 2001; Martin, 1984; Van de Velde et al., 2002). Both are spiny 
bushy plants, around 50cm in height, growing on sandy-corally to rocky substrates in shallow 
water of 25-30°C. They are found on reefs and in lagoons around the Philippines, Indonesia 
and other island coasts in the Far East (Imeson, 2000). Cultivation of K. alvarezii and E. 
denticulatum began in the 1970’s and now supplies most of these species, with only small 
quantities being collected from the wild. Cultivation was also started in Tanzania (Zanzibar), 
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making it the world’s largest producer after the Philippines and Indonesia (McHugh, 2003; 
Thomas, 1992). Chondrus crispus was the original source of carrageenan and the 
economically most important species until the early 1970’s, but at present it is only used to a 
limited extent. C. crispus is a small bushy plant, hardly 10cm high, found on rock ledges and 
large boulders around the coasts of the North Atlantic. It is harvested for carrageenan 
production mainly in Canada, the United States and France (McHugh, 2003). Gigartina 
skottsbergii and Gigartina canaliculata are large seaweeds with a length of up to 5m that are 
found in the cold coastal waters of Chile, Peru and Mexico (Imeson, 2000). Chondrus and 
Gigartina both have a life cycle with alternating gametophytic and sporophytic phases (De 
Ruiter & Rudolph, 1997; Stanley, 1990; Van de Velde et al., 2002). The sporophytic plants 
produce λ-carrageenan, whereas the gametophytic plants produce a hybrid of κ- and ι-
carrageenan that consists of mixed chains containing both κ- and ι-units.  
 
3. MANUFACTURE 
 
The manufacturing process of carrageenan is schematically shown in Fig. 2.1. After 
collection, the seaweed is washed to remove sand, stones, and other foreign matter and dried 
to 20-45% residual moisture to obtain weight reduction and storage stability (Therkelsen, 
1993). At the manufacturing site carrageenan is isolated from the marine algae through an 
extraction with alkali, such as sodium hydroxide, at elevated temperatures. Alkali is used to 
facilitate the extraction by macerating the seaweed and to retard acid-catalysed 
depolymerization of the carrageenan chains. Furthermore, alkali removes some of the sulphate 
groups from the molecules and increases the formation of 3,6-anhydrogalactose, which leads 
to an increase in gel strength. Extraction usually takes from 1 to 24 h to complete (Stanley, 
1990). The insoluble seaweed residues are separated from the extract by centrifugation or 
filtration, after which the extract is purified by filtration through porous silica, activated 
charcoal, or diatomaceous earth to yield a carrageenan solution of 1-2%. The solution is 
usually further concentrated to 2-3% using multistage vacuum evaporators or ultrafiltration. 
The recovery of carrageenan from this concentrated solution is based on its precipitation using 
alcohol or potassium chloride. In the alcohol process isopropanol is added to precipitate 
carrageenan as a fibrous coagulum, leaving the impurities in solution (Imeson, 2000).  
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Fig. 2.1. Schematic representation of the manufacturing process of carrageenan (From Imeson, 2000) 
 
After separation, the coagulum is pressed to remove excess liquid and washed with alcohol 
for further dehydration. It is then dried and milled to an appropriate particle size. In the so-
called freeze-thaw process the carrageenan solution is extruded into a cold KCl solution, 
resulting in the formation of spaghetti-like gels (McHugh, 2003). The gel threads are washed 
with KCl, pressed to remove surplus liquid and frozen. During subsequent thawing water is 
separated by the occurrence of syneresis, while the gels are chopped and washed with KCl 
solution to remove even more water. Finally, carrageenan is dried using steam heated drum 
driers or vacuum or inert gas-filled drying cabinets. The less frequently used gel press process 
also relies on gel formation with KCl, but only applies pressure to dewater the carrageenan 
gels. Both the freeze-thaw and the gel press process are only applicable to κ-carrageenan due 
to its specific selectivity for potassium ions. 
 
Due to raw material variations, carrageenan obtained from the manufacturing process is 
inherently variable (Therkelsen, 1993). A commercial product for a specific application is 
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therefore constituted from different batches. Standardization is usually based on the addition 
of sucrose or dextrose and determined by the desired functionality, such as gel strength, 
viscosity or stabilization efficiency. Commercial carrageenans may also contain other added 
substances such as buffer salts and gelling aids like potassium chloride. 
 
4. STRUCTURE 
 
Carrageenans are linear, high molecular weight polysaccharides composed of alternating α-
1,3- and β-1,4-linked D-galactose residues. The β-1,4-linked residue in the repeating 
disaccharide is often present as the 3,6-anhydride, although the anhydrogalactose content is 
highly variable. Therefore, the general repeating unit of carrageenan as shown in Fig. 2.2 is 4-
β-D-pyranosyl-3,6-anhydro-α-D-galactopyranose, also called carrabiose (Stanley, 1990). 
Hydroxyl groups are often substituted by sulphate groups, but other substituents like pyruvate 
and methoxyl groups may also be present. Commercial carrageenans have a weight average 
molecular mass of 400 to 600 kDa, although a small low molecular weight fraction below 100 
kDa seems to be always present and is believed to be inherent to red seaweeds (Imeson, 2000; 
Van de Velde et al., 2002).  
 
 
Fig. 2.2. Chemical structure of the general repeating unit of carrageenan (From Stanley, 1990) 
 
Various types of carrageenan can be distinguished, indicated by a Greek prefix and differing 
in sulphate and 3,6-anhydrogalactose content. The three most abundant and commercially 
most important types are κ-, ι- and λ-carrageenan, the general repeating units of which are 
shown in Fig. 2.3. It should however be noted that carrageenans contain chain segments 
deviating to some extent from these ideal ones. The sulphate content of the three main 
carrageenan types is reported to be 20-25% for kappa, 32-33% for iota and 35-41% for 
lambda.  
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kappa 
 
 
iota 
 
lambda 
Fig. 2.3. Chemical structure of the repeating unit of the three main carrageenan types 
 
Furthermore, kappa-carrageenan has an anhydrogalactose content of 34% compared to 30% 
for iota and little or none for lambda. Red seaweeds also contain four minor types of 
carrageenan, namely µ-, ν-, θ- and ξ-carrageenan (Stanley, 1990). Mu- and nu-carrageenan 
are the precursors of kappa and iota, respectively.  
 
Unlike λ-carrageenan, κ- and ι-carrageenan possess the ability to form gels. The presence of 
3,6-anhydrogalactose leads to a conformational change of the β-1,4-linked galactose residue 
causing an increased flexibility of the polymer chain and allowing a larger contraction of the 
random coil structure (Therkelsen, 1993). It also allows a helical secondary structure which is 
an essential feature for the build-up of a gel network. Helix formation of λ-carrageenan is 
sterically hindered by the presence of a 2-ester sulphate group on the α-1,3-linked galactose 
residue (Trius & Sebranek, 1996). 
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5. FUNCTIONAL PROPERTIES 
 
5.1. Solubility 
 
All types of carrageenan are soluble in water at temperatures above 75°C (Thomas, 1992). 
The sodium salts of κ- and ι-carrageenan are also soluble in water at room temperature, 
whereas other salts only exhibit a varying degree of swelling. However, any salt of λ-
carrageenan is fully soluble in cold water. Carrageenan typically forms viscous solutions due 
to its linear macromolecular structure and highly poly-electric nature (Stanley, 1990). 
Electrostatic repulsion between the negatively charged sulphate groups causes the polymer 
chains to be strongly extended. The hydrophilic nature of carrageenan, causing it to be 
surrounded by an immobilized layer of water molecules, further contributes to the resistance 
to flow. Carrageenan solutions show pseudoplastic or shear-thinning flow behaviour when 
pumped or stirred as polymer chains orientate with the flow field at increasing shear rates 
(Imeson, 2000). 
 
The viscosity of a carrageenan solution depends on the carrageenan type and concentration, 
its molecular weight, the temperature, and the presence of other solutes (Stanley, 1990). 
Viscosity increases exponentially with increasing molecular weight and almost exponentially 
with concentration as interaction between neighbouring polymer chains increases. The effect 
of ionic solutes like salts is based on the shielding of sulphate groups reducing the 
electrostatic repulsion between carrageenan chains and thus leading to a decrease in viscosity. 
 
5.2. Acid stability 
 
Carrageenans are quite stable at neutral pH or higher, but show a decrease in stability below 
pH 7 (Trius & Sebranek, 1996). Changes are rather small at pH 5 to 7, but at lower pH levels 
a considerable loss in viscosity and gel strength is observed. This is caused by a 
depolymerization process through acid-catalysed hydrolysis, cleaving the 1,3-glycosidic 
linkages of the carrageenan molecules (Hoffmann et al., 1996). The hydrolysis rate increases 
at elevated temperatures and at low cation levels. Carrageenans are more stable to acid in the 
gel state than in solution as aggregation of carrageenan helices is believed to shield and 
protect the glycosidic bonds (Stanley, 1990). This permits the use of carrageenan in acidic 
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products, provided that carrageenan is added as late as possible to minimize depolymerization 
and rapidly allowed to gel (Imeson, 2000). 
 
5.3. Gel formation 
 
Gelation of carrageenan in aqueous solutions is a complex process that depends on the 
chemical structure of the polysaccharide, the nature of co- and counter-ions, polymer 
concentrations, and temperature (Mangione et al., 2003). In the presence of gel-promoting 
cations, both κ- and ι-carrageenan easily form thermoreversible gels upon cooling which 
exhibit hysteresis, or a difference between the setting temperature and the melting temperature 
during subsequent heating (Kara et al., 2003). Gels typically melt when heated 5-20°C above 
the gelling temperature, but re-gel on cooling (Imeson, 2000). λ-Carrageenan does not possess 
the ability to form gels due to the impossibility to adapt a helical configuration. 
 
When a carrageenan dispersion is heated, no significant particle swelling or hydration takes 
place until the temperature is raised above 40-60°C. Hydration of carrageenan results in an 
increase in viscosity as swollen particles offer more resistance to flow. At temperatures 
around 75-80°C thermal agitation overcomes the tendency of the carrageenan molecules to 
form helices and a transition to a random coil conformation takes place, leading to a drop in 
viscosity (Stanley, 1990). On cooling, the viscosity of the solution is again found to increase 
until gelation takes place at temperatures below 40-50°C. The low temperature induces the 
3,6-anhydrogalactose sequences to twist in a double helical manner with the sulphate groups 
projecting outward from the double helix. Carrageenan helices are interrupted by irregularities 
along the molecular chain, consisting of dissacharide units deviating from the ideal structure 
by the absence of the 3,6-anhydro ring (Stanley, 1990).  
 
The formation of helices is a necessary first step in the gelation process. Both ι- and κ-
carrageenan form parallel, right-handed, threefold helices with a pitch of 2.60 and 2.50 nm, 
respectively (Piculell, 1995). Helix formation only occurs in the presence of positively 
charged counterions and is importantly affected by the amount and valency of the ions 
present. Moreover, the identity of the ions may also play a significant role. With respect to κ-
carrageenan, Rochas & Rinaudo (1980) showed that cations can be divided into three 
categories based on their helix-stabilizing efficiency, as indicated by the coil-helix transition 
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temperature. These categories are, in order of increasing efficiency and thus increasing 
transition temperature, the non-specific monovalent cations (Li+, Na+ and (CH3)4N+), the 
divalent cations (Mg2+, Ca2+, Sr2+, Ba2+, Co2+ and Zn2+), and the specific monovalent cations 
(NH4+, K+, Cs+ and Rb+). While the first two classes of cations only act through charge 
neutralization of sulphate groups, specific monovalent cations have been shown to selectively 
bind to the κ-carrageenan helices. The nature of the cation-binding sites on the carrageenan 
helix is still unclear, and it is not sure whether the sulphate groups are involved (Belton et al., 
1986; Nilsson & Piculell, 1991). In the case of ι-carrageenan, divalent cations like Ca2+ have 
the strongest helix-stabilizing effect through non-specific electrostatic interactions. Although 
limited differences in coil-helix transition temperatures in the presence of different cations are 
observed, there is no indication of any cation specificity. The higher charge density of ι-
carrageenan amplifies the sensitivity to the valency of the cations compared to that of κ-
carrageenan (Piculell, 1995).  
 
Two models have been proposed to describe carrageenan gelation. The so-called domain 
model was presented by Morris et al. (1980) and involves the linkage of a limited number of 
chains in intermolecular double helices through cation-mediated association, resulting in the 
formation of small, ordered domains. Subsequently, gelation occurs by the aggregation of 
these domains, governed by the binding of gel-promoting cations (Fig. 2.4a). Oakenfull & 
Scott (1988) investigated the size and stability of the junction zones in both κ- and ι-
carrageenan gels. They found that the average junction zone in a κ-carrageenan gel was an 
aggregate of about 6 double helices, against 2 to 3 helices for ι-carrageenan. This finding was 
confirmed by the fact that the average molecular weight of the junction zones of kappa was 
more than twice as large as that of iota. According to the authors, the higher charge density of 
ι-carrageenan causes the free energy of association to be less negative and allows overcoming 
the entropic barrier of the aggregation of only a small number of chain segments. In other 
words, the thermodynamic driving force for association is much less and explains why iota 
forms softer gels than kappa at a given carrageenan concentration. 
 
An alternative, nested helices model was presented by Smidsr∅d & Grasdalen (1982) who 
stated that the coil-helix transition upon cooling involved the formation of intramolecular 
helices. Gelation would then result from the action of specific cations linking the carrageenan 
chains together (Fig. 2.4b).  
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Fig. 2.4. Schematic representation of the domain model (a) and the nested helices model (b) describing 
carrageenan gelation (From Therkelsen, 1993) 
 
These authors thus believe that double helix formation is not the main feature of carrageenan 
gelation. However, the domain model is still generally accepted as the nested helices model 
fails to explain the well established sensitivity of the coil-helix transition to the ionic 
environment.  
 
Since the aggregation process of carrageenan helices is cation-mediated, the counter ions 
present also play an important role in the gelation process. Cations shield the sulphate groups 
and neutralize the electrostatic repulsion that prevents the aggregation of helices (Michel et 
al., 1997). Addition of cations may therefore extend the junction zones of carrageenan gels 
and, as a result, enhance gel formation and increase the mechanical strength of the gels. The 
strongest κ-carrageenan gels are formed with potassium, resulting in a rigid, elastic gel 
(Therkelsen, 1993). With calcium stiff, brittle gels are obtained, while sodium gels are much 
weaker than the former two. However, synergistic effects occur when combining different 
cations, yielding gels with very high gel strength (Hermansson et al., 1991). This is 
particularly true for the combination of potassium and calcium ions.  The strongest ι-
carrageenan gels are obtained with calcium, followed by potassium and sodium. 
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In contrast to κ-carrageenan, ι-carrageenan gels are not susceptible to syneresis as a result of 
their less aggregated state. This is due to the higher electrostatic repulsion between ι-
carrageenan chains originating from the larger amount of sulphate groups present. 
 
6. APPLICATIONS 
 
6.1. Food applications 
 
About 85-90% of the global carrageenan production is used for food applications, of which 
dairy products comprise the main application field (McHugh, 2003). In chocolate or soy milks 
κ-carrageenan acts as a stabilizer keeping particles in suspension and as a thickening agent 
providing the desired mouthfeel. In evaporated milk carrageenan stabilizes the oil in water 
emulsion and thus prevents fat separation during processing and storage. The non-gelling λ-
carrageenan is also widely used in milk beverages, particularly instant powders and milk-
shake dry mixes, as suspension aid, foam and emulsion stabilizer, and to provide a creamy 
mouthfeel. All three carrageenan types are extensively used in a wide variety of instant and 
ready-to-eat flans, cream desserts, and custards. They act as thickening or gelling agent and 
are often used in combination with other carrageenans, locust bean gum, or starch. 
Carrageenan is also added to whipped cream products to stabilize the oil-in-water emulsion 
and particularly to retain the incorporated air. In frozen dairy desserts carrageenan is often 
used together with galactomannans, xanthan, or carboxymethylcellulose for several reasons: 
to prevent whey separation in ice cream, control the growth of large grainy crystals, stabilize 
air bubbles, and reduce product shrinkage. Carrageenan also improves the texture and as a 
result the slicing and grating properties of processed cheeses like cheddar. Furthermore, it 
provides good mouthfeel and controls the melting properties. 
 
Besides dairy products, water dessert gels are one of the most traditional applications for 
carrageenan. Due to its ability to form clear, resilient gels that are stable at room temperature, 
set quickly without the specific need of refrigeration, and present textural properties similar to 
gelatin gels, carrageenan is perfectly suited for water-based desserts. However, as these 
products generally have a pH between 3.5 and 4.0 for taste reasons and carrageenan is 
unstable in acidic environments, it is important to keep the time in solution as short as 
possible. Therefore, acid is added just before gelation takes place since carrageenan in the gel 
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state is much less sensitive to low pH. In order to reduce syneresis and increase gel elasticity 
and gel strength, locust bean gum, known to act synergistically with κ-carrageenan, may be 
added. 
 
Carrageenan is extensively used in meat industry in a broad product range. In cooked sliced 
meat products carrageenan is added to increase moisture retention, cooking yields, slicing 
properties, mouthfeel, and juiciness (Imeson, 2000). Carrageenan is also used in comminuted 
meat products like sausages, where it allows an important reduction of the fat content for the 
production of low-fat products. As fat is replaced by water, the addition of carrageenan 
provides an increased water binding and emulsion stability and the appropriate textural 
properties (Trius & Sebranek, 1996). In canned meat and fish products carrageenan is used as 
gelling agent, sometimes in combination with locust bean gum, to produce a strongly gelled 
broth or coating for mechanical protection, suspension of seasonings, or preservation of 
flavour. In petfoods the addition of carrageenan produces a thick, gleaming gravy that keeps 
meat chunks in suspension throughout the can and allows the whole product to be removed 
from the can at once. 
 
Furthermore, carrageenan finds application in sauces and salad dressings as an emulsifier and 
stabilizer, keeping herbs and vegetables in suspension. In syrups and toppings carrageenan 
imparts body and mouthfeel to the product and maintains ingredients like cocoa particles in 
suspension. The addition of carrageenan to breading and batter mixes is known to improve the 
flow properties, body, and adhesion of the batter to the product. In cakes and doughnuts 
carrageenan yields a moister texture and improves the distribution of fruit or other 
ingredients. Carrageenans are also used to improve beer and wine clarification by 
precipitating and coagulating proteins, which can then be readily filtered.  
 
6.2. Non-food applications 
 
ι-Carrageenan is one of the most frequently used thickening agents in toothpaste, for which it 
is perfectly suited due to its thixotropic properties (McHugh, 2003). During storage ι-
carrageenan supplies enough body to ensure that the abrasive is kept in suspension and that no 
water separation occurs (Tye, 1989). When pressure is applied, carrageenan provides a short 
texture, easy application, good rinseability, and good flavour release. Furthermore, 
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carrageenan is used in air freshener gels and as immobilizing agent for enzymes, cells, and 
microorganisms. Gelled carrageenan beads have a sufficiently high mechanical strength for 
column packing, sufficient permeability for substrate and products, and adequate retaining 
ability for the active substances. 
 
7. REGULATORY STATUS AND HEALTH ASPECTS 
 
Carrageenan, defined as the hydrocolloid obtained from certain members of the class 
Rhodophyceae or the red seaweeds, is granted the GRAS or generally recognized as safe 
status. GRAS substances are permitted to be incorporated into food products as long as good 
manufacturing processes are used and the substance is used only in sufficient quantity to 
achieve the desired effect (FDA, 2004). The Joint FAO/WHO Expert Committee on Food 
Additives (JECFA) has approved carrageenan as food additive (E407) without a specified 
acceptable daily intake (JECFA, 2005). 
 
However, quite some concern exists about the possible health effects of the use of 
carrageenan in products for human consumption. Although the large molecular weight 
polysaccharide is free from suspicion, the above mentioned low molecular weight fraction, 
found in all carrageenans and often referred to as degraded carrageenan, is believed to present 
a considerable health risk (Cohen & Ito, 2002). Already in 1982, the International Agency for 
Research on Cancer (IARC) designated degraded carrageenan as a group 2B compound. This 
category is used for agents and mixtures for which there is limited evidence of carcinogenicity 
in humans and less than sufficient evidence of carcinogenicity in experimental animals or 
inadequate evidence of carcinogenicity in humans but sufficient evidence of carcinogenicity 
in experimental animals (IARC, 1983). In contrast, carrageenan with a high molecular weight, 
often referred to as native carrageenan, is a group 3 chemical, meaning that the evidence of 
carcinogenicity is inadequate in humans and inadequate or limited in experimental animals. 
 
Exposure to degraded carrageenan is sometimes regarded as a possible factor in the 
occurrence of inflammatory bowel disease and colorectal malignancy, which are major 
sources of morbidity and mortality in the United States (Belegaud, 1984; Tobacman, 2001). 
Food-grade carrageenan is contaminated by a certain amount of degraded carrageenan. 
Ekstrom (1985) examined 8 commercial carrageenans and found that 25% of total 
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carrageenan had a molecular weight lower than 100 kDa, with 9% having a molecular weight 
lower than 50 kDa. Furthermore, the question arises whether the low molecular weight 
fraction increases during digestion. Although it has been reported that degradation of 
carrageenan in the gastric environment is prevented by the presence of associated cations 
(Marrs, 1998), hydrolysis yielding lower molecular weight components during digestion has 
also been observed (Ekstrom, 1985; Ekstrom et al., 1983). In addition, some marine bacteria 
are known to hydrolyze carrageenan and form low molecular weight derivatives, but it 
remains unknown whether the human microbial flora is also capable of similar reactions 
(Tobacman, 2001). 
 
The TD50 (tumorigenic dose 50% or the dose which will halve the probability of remaining 
tumorless over the life span of the exposed animal) reported by the Carcinogenic Potency 
Database for degraded carrageenan is 2.310 mg/kg body weight/day, based on rodent 
experiments (Gold et al., 1997). Taking all the above into account, it however appears to be 
difficult to estimate the daily intake of degraded carrageenan. Tobacman (2001) suggests an 
average intake of about 10 mg/day, but apart from the correctness of this number it remains 
unclear whether such an amount is harmful to humans. Furthermore, Bories (1984) reported 
that the absorption of carrageenan in experimental animals is very much dependent on the 
species and the way of administration. There also seems to exist a species-dependent 
threshold molecular weight above which no absorption takes place. However, aware of the 
possible risk of degraded carrageenan, the recent EU Directive 2004/45/EC limits the level of 
the low molecular weight fraction in commercial carrageenan to a maximum of 5% (Anon., 
2004). 
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CHAPTER 3: κ-CARRAGEENAN GELATION IN DAIRY 
DESSERTS AS AFFECTED BY COMPOSITION AND 
PROCESSING CONDITIONS 
 
1. INTRODUCTION 
 
A broad range of neutral milk desserts existing in a wide variety of textures, flavours, and 
appearances is nowadays available to the consumer. Ready-to-eat gelled desserts with a 
medium to long shelf-life have enjoyed an increasing popularity at the expense of home-made 
desserts like cooked puddings and instant desserts (Rapaille & Vanhemelrijck, 1992). Beside 
convenience, ready-to-eat desserts offer considerable nutritional and sensorial advantages 
over classical home-made desserts. Figure 3.1 shows the orientation of neutral dairy desserts 
in the market overview of dairy products.  
 
 
Fig. 3.1. Schematic overview of dairy applications in a structure-pH diagram (From Degussa Food 
Ingredients, 2003) 
 
Typically, neutral dairy desserts are composed of milk, sugar, thickening and gelling agents, 
flavours, and colourants (de Wijk et al., 2003; Tarrega et al., 2004). A pudding or custard 
dessert is usually texturized using a mixture of carrageenan and starch, acting as gelling and 
thickening agent respectively. Carrageenan and starch are thus the main dessert ingredients 
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involved in structure development together with the proteins present in milk. A considerable 
amount of research on interactions between these different constituents has already been done 
on two-component model systems, but in scientific literature there is lack of information 
about ingredient interactions and structure build-up in model systems that show resemblance 
with commercial milk desserts. The objective of this research was to study the gelation 
behaviour of κ-carrageenan in dairy desserts having a commercially relevant composition 
with a focus on the rheological properties. The influence of variations in the concentration of 
carrageenan, starch, and milk components on the rheological properties was investigated and 
translated back to the microstructure of the desserts. Furthermore, different dessert 
preparations ranging from lab- to pilot-scale were considered to evaluate the influence of 
processing conditions. 
 
 
 
 
______________________________ 
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2. OVERVIEW OF GELLED DAIRY DESSERTS 
 
2.1. Dessert types 
 
Typical home-made desserts are available as dry mixes that require addition of sugar and milk 
for preparation. Besides colouring and flavouring agents, these mixes mainly contain maize 
starch which is the classical thickening and gelling agent, though sometimes mixed with 
starch of a different origin like wheat. The obtained desserts are simple but versatile and can 
be eaten as a mouldable pudding or a thick pouring sauce depending on the starch 
concentration used. They are characterized by a short but heavy texture and thicken rapidly 
upon cooling, although a relatively long time is needed before true gelation occurs due to the 
retrogradation of the starch amylose fraction. The popularity of these desserts is explained by 
their low cost, good eating quality and good nutritional image, which is mainly caused by the 
use of milk in their preparation. Domestic preparation of flan desserts relies on powder mixes 
that typically contain seaweed gums like carrageenan or agar besides starch. Compared to a 
pure starch pudding, these flan desserts show a much lighter and more brittle texture.  
 
Industrially prepared ready-to-eat desserts can be classified according to their texture and 
appearance in the following groups: 
 
• Gelled milk and flans: firm gels that are easily removed from their container, 
characterized by a brittle, cohesive, or creamy mouthfeel and often combined with a 
topping like caramel sauce 
• Creamy desserts like canned custards and liquid puddings that have a creamy 
mouthfeel but a texture varying from very heavy to lights 
• Multi-layer desserts: typically a combination of one of the above types with a layer of 
whipped cream or fruit preparations 
 
Depending on the applied heat treatment and packaging, ready-to-eat desserts may be long 
shelf life products that can be stored for over a year at ambient temperatures or short shelf life 
products that are distributed in the cold chain and can be stored for 4 to 6 weeks (Degussa 
Food Ingredients, 2003). 
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2.2. Dessert composition 
 
Obviously, milk is the main ingredient of dairy desserts and milk quality should be 
thoroughly monitored. The protein concentration as well as the stability of the casein micelles 
is technologically important with respect to an optimal interaction between casein and 
carrageenan, which is believed to have a considerable impact on the final dessert texture. Also 
milk fat influences the rheological and particularly the sensorial properties of milk desserts 
(de Wijk et al., 2003). A minimum of 0.5% milk fat has been reported as a requirement for a 
rich, creamy mouthfeel. Emulsifiers are not needed to prevent the fat from separating as 
desserts usually are gelled or have a high viscosity.  
 
Starch and carrageenan are extensively used in the production of ready-to-eat desserts and are 
almost inevitably the hydrocolloids of choice in these products (Descamps et al., 1986; 
Mleko, 1997). From a sensorial point of view, starch imparts body and mouthfeel to the 
product while carrageenan provides the appropriate texture. Compared to the use of starch 
alone, the combination with carrageenan allows a reduction of the starch content of up to 
50%, thereby importantly reducing the caloric value of the desserts (Descamps et al., 1986). 
Mixtures of starch and carrageenan also offer the advantage of a lower process viscosity 
during the application of heat treatments, while Tye (1988) reported that carrageenan is able 
to protect starch against shear degradation. Carrageenan as gelling agent is perfectly suited for 
application in milk desserts due to the low usage levels that result from a synergistic reaction 
with the caseins (Berg & Møller, 1994; Rapaille & Vanhemelrijck, 1992). Furthermore, 
carrageenan provides a wide range of textures depending on the type and concentration used 
and does not mask flavours.  
 
Sucrose is the most common sweetener in dairy desserts. Beside sucrose other sweeteners like 
glucose or glucose syrups may be used, but in that case care should be taken to avoid the 
occurrence of the undesired Maillard reaction during heat treatments. In calorie-reduced 
desserts sugars can be replaced by polyols like sorbitol or mannitol or by intense sweeteners 
such as aspartame. Chocolate, vanilla, caramel, and coffee are the most popular flavours in 
dairy desserts. With respect to chocolate, it is worth mentioning that cocoa particles display a 
negative effect on the texture of κ-carrageenan based desserts. The presence of cocoa results 
in a softer, creamier product which implies that higher carrageenan concentrations are 
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required to obtain the desired texture in comparison to for instance a vanilla flavoured dessert 
(de Vries, 2002). 
 
2.3. Processing of dairy desserts 
 
A general flow diagram showing the different manufacturing processes of ready-to-eat dairy 
desserts is given in Fig. 3.2. The main feature in the production process is the application of a 
certain heat treatment. Pasteurization is a relatively mild heat treatment at temperatures below 
100°C that produces desserts with a shelf life varying from 3-4 weeks for hot-filled products 
to 5-10 days for cold-filled products. Sterilization of canned desserts is usually performed in 
steam-heated pressure vessels at temperatures in the range of 115 to 130°C. As the pH of 
neutral desserts is well above the sterilization threshold value of 4.5 a heat treatment 
equivalent to 3 F0 is the minimal requirement to obtain long shelf life products that can be 
stored for periods up to several years at ambient temperature. F0 is the generally accepted 
unity of sterilization in the food industry and is based on the thermal destruction kinetics of 
Clostridium botulinum. Examples of a 3 F0 process are a heat treatment of 13 min at 115°C or 
of 3 min at 121°C. Since sterilization is an indirect heat treatment involving heat transfer 
through the packaging, cans are usually agitated to ensure a fast and evenly distributed heat 
penetration.  
 
 
Fig. 3.2. Manufacturing processes of ready-to-eat dairy desserts (From Rapaille & Vanhemelrijck, 
1992) 
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A UHT or Ultra High Temperature process is characterized by very high product temperatures 
(e.g. 140°C) and very short holding times (3-10s) and is carried out prior to packaging. As 
recontamination of the product after heating must be avoided, products are packed into sterile 
containers under sterile conditions, known as aseptic packaging. For a milk dessert filled in 
plastic cups, a typical aseptic packaging process completely taking place in a sterile 
environment is given in Fig. 3.3. Heat transfer in a UHT treatment can be direct through 
steam injection or indirect in heat exchangers. Just like sterilization, a UHT process generates 
equally long shelf life products, but it has the advantage of lower energy costs, lighter weight 
and thus less expensive containers and final products with superior sensorial and nutritional 
properties (Glicksman, 1983). As a consequence of these benefits, UHT has become the 
common process for the production of long shelf life desserts (Rapaille et al., 1988). 
 
 
Fig. 3.3. Sterilization of cups prior to aseptic filling of dairy desserts (From Lewis & Heppell, 2000) 
 
The manufacturing process used has an important impact on the choice of the appropriate type 
of maize starch. Native maize starch has a limited resistance to the physical conditions applied 
in the preparation of dairy desserts and is therefore not suited for use in desserts that are 
subjected to intense heat treatments. However, in pasteurized desserts native maize and 
particularly waxy maize starch are frequently used. Starches for UHT desserts are usually 
both cross-linked and substituted to ensure process and storage stability, respectively. Cross-
linked acetylated waxy maize starches have been reported as the most frequently used 
thickening agents in UHT desserts (Descamps et al., 1986; Rapaille et al., 1988; Rapaille & 
Vanhemelrijck, 1992). Hydroxypropylated waxy maize phosphates are particularly applied in 
direct UHT products because of their lower susceptibility to fouling.  
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3. MAIN DESSERT COMPONENTS 
 
3.1. Milk 
 
3.1.1. Composition 
 
Cow’s milk is one of nature’s most complex substances and a very flexible raw material from 
which a wide variety of dairy products is produced around the world. Its principal constituents 
are water, proteins, lipids, lactose, and salts, the relative proportions of which are subjected to 
considerable variations. The factors causing this variability include the breed, individuality of 
the animal, stage of lactation, health of the animal, and nutritional status (Fox, 2003).  
 
Water is the medium in which all other components are dissolved or suspended and accounts 
for about 87%, implying that milk contains approximately 13% dry matter (Johnson, 1978). 
Milk fat is the most variable milk constituent and is present in a concentration of 3.5-3.7% on 
average. The fat fraction of milk is composed of 98% triglycerides, around 1% phospholipids 
and 1% of a variety of minor components (Fox, 2003). Milk fat occurs as globules dispersed 
in the continuous water phase, which makes milk an oil-in-water emulsion. Milk has a 
practically constant content of 4.8% lactose, which is the principal dairy carbohydrate beside 
minor quantities of glucose, galactose, and oligosaccharides (Miller et al., 2000). The proteins 
present in milk are the technologically most important constituents and play an essential role 
in the majority of dairy products. Comprising about 3.5% of milk, the protein fraction can be 
divided into two main groups, i.e. caseins and serum or whey proteins. Finally, milk is 
regarded as an excellent source of important minerals, particularly calcium, phosphorus, 
magnesium and potassium. The ash content of milk is typically around 0.7% (Fox, 2003). 
 
3.1.2. Milk proteins 
 
3.1.2.1. Casein 
 
Casein accounts for 76-86% of the total milk protein and consists of four types of protein with 
substantially different properties: αs1-, αs2-, β- and κ-casein, present in the approximate ratio 
38:10:36:12 (Fox, 2001). It is known as the protein fraction of milk that can be easily 
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separated by acidification to pH 4.6, which corresponds with the isoelectric point of casein 
and leads to precipitation. All types of casein contain a high amount of proline residues which 
are relatively uniformly distributed along the polypeptide chain and complicate the formation 
of a secondary structure (Dalgleish, 1997). Consequently, caseins are believed to be 
essentially disordered proteins showing no specific structure. As caseins are also highly 
hydrophobic, their open, unfolded structure causes these hydrophobic residues to be exposed 
to water, which explains their insolubility in water and their strong tendency to associate (Fox 
& Mulvihill, 1990).  
 
About 95% of the casein in milk exists as colloidal particles called micelles with a diameter 
ranging from 50 to 300 nm for an average of 100 nm. On a dry weight basis, these micelles 
are composed of 94% protein and 6% ions, particularly calcium and phosphate with smaller 
amounts of magnesium and citrate, collectively referred to as colloidal calcium phosphate or 
CCP (Fox, 2003). Although no general consensus exists, it is widely accepted that micelles 
have a porous structure that is built of spherical sub-micelles, as indicated in Fig. 3.4 
(Walstra, 1999). These sub-micelles have a diameter of 10-15 nm and are connected by the 
bridging action of CCP.  
 
 
Fig. 3.4. Schematic model of a cross-section through a casein micelle (From Walstra, 1999) 
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Each sub-micel consists of 20 to 25 casein molecules with a differing composition. The main 
stabilizing factor of the micelles is κ-casein that is located on the periphery of the micelles 
allowing its hydrophilic C-terminal chain to protrude from the surface and to form a so-called 
hairy layer (Holt & Horne, 1996). This layer prevents the micelles from aggregating through 
steric and electrostatic repulsion. 
 
3.1.2.2. Whey proteins 
 
Whey proteins are a mixture of proteins with diverse functional properties and a well-defined 
tertiary structure. The whey protein fraction of milk is composed of 4 main proteins: β-
lactoglobulin, α-lactalbumin, blood serum albumin (BSA) and immunoglobulins, each 
respectively accounting for approximately 50, 19, 13, and 5% (Cayot & Lorient, 1997). Being 
typical globular proteins, whey proteins are heat-sensitive and may be denatured upon heating 
at temperatures above 65°C. The heat sensitivity of the individual proteins follows the order 
α-lactalbumin > β-lactoglobulin > BSA > immunoglobulins (Fox, 2001). All whey proteins 
contain several sulphuric amino acids which are responsible for intramolecular disulphide 
bonds stabilizing the folded structure and represent a high nutritional value. β-Lactoglobulin 
contains one free thiol group that is hidden within its globular structure but becomes exposed 
upon denaturation. This group is responsible for the formation of a disulphide bond with the 
cysteinyl residues of κ-casein upon heating, a reaction with a considerable impact on the 
technological properties of casein (Dalgleish, 1997).  
 
3.1.3. Milk reactivity of carrageenan 
 
In many dairy applications carrageenans are considered as the best suited structure-forming 
substances because of their synergistic interaction with milk proteins, the so-called milk 
reactivity of carrageenan. Because of this reactivity the minimum concentration required for 
gel formation is lower in milk compared to water and also lower than that of other 
hydrocolloids (de Vries, 2000). Although the caseins carry a net negative charge as the pH of 
milk, normally around 6.7, is well above their isoelectric point, a specific electrostatic 
interaction with both κ-, ι-, and λ-carrageenan has extensively been reported (Dalgleish & 
Morris, 1988; Drohan et al., 1997; Langendorff et al., 1997; Lynch & Mulvihill, 1994; 
Shchipunov & Chesnokov, 2003). This specific interaction has been ascribed to an attraction 
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between the negatively charged sulphate groups of carrageenan and a positively charged 
region of κ-casein, located between residues 97 and 112 (Snoeren et al., 1975). It does not 
occur with the other casein types, although a non-specific interaction between carrageenan 
and the different caseins is also believed to occur in the presence of calcium (Augustin et al., 
1999; Hood & Allen, 1977; Stanley, 1990). Calcium ions probably act as bridging agent 
between negatively charged caseins and carrageenans. 
 
The temperature and polymer concentration are two decisive factors governing the behaviour 
of a mixture of casein micelles and carrageenan (Langendorff et al., 1997, 1999, 2000; 
Schorsch et al., 2000). At temperatures above the coil-helix transition temperature it was 
shown that the specific electrostatic interaction with κ-casein did not take place with ι- and κ-
carrageenan, while λ-carrageenan was found to adsorb on the micelle surface. Below the 
transition temperature, when ι- and κ-carrageenan change from a random coil to a helical 
configuration, interaction with casein was observed for all three types. These findings 
strongly suggest that the charge density of carrageenan is crucial with respect to its milk 
reactivity. An overview of the mean distances between sulphate groups for the different 
carrageenan types and configurations is given in Table 3.1 (Nilsson & Picullel, 1991). It is 
clear that the sulphate groups of λ-carrageenan are more closely packed than those of ι- and 
κ-carrageenan and that the coil-helix transition of the latter two results in a concentration of 
their sulphate groups. Since the positive patch on κ-casein is believed to have a size of about 
1.2 nm and is surrounded by predominantly negatively charged regions, the importance of the 
distances in Table 3.1 is unmistakable. Langendorff et al. (1999) concluded that an 
intersulphate distance of less than 0.5 nm, allowing at least three sulphate groups to bind on 
the positively charged region of κ-casein, was required for the attractive forces to overcome 
the repulsive forces acting outside the positive patch.  
 
Table 3.1. Mean distance (nm) between sulphate groups of different carrageenans 
Configuration κ-carrageenan ι-carrageenan λ-carrageenan 
Random coil 1.0 0.5 0.3 
Helix 0.4 0.2 - 
  
The importance of concentration on the behaviour of casein/carrageenan mixtures is 
schematically shown in Fig. 3.5 for the gelling types iota and kappa. Above the coil-helix 
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transition temperature, where the low charge density does not allow carrageenan to bind with 
κ-casein, two extreme situations are possible. When the carrageenan concentration is 
relatively low compared to the casein concentration, the system remains stable with the 
micelles evenly distributed throughout the mixture (Fig. 3.5a). However, at high 
carrageenan/casein ratios the system destabilizes as casein micelles aggregate due to depletion 
flocculation, as shown in Fig. 3.5b (Schorsch et al., 2000). Below the coil-helix transition 
temperature carrageenan molecules start to form double helices which show a tendency to 
associate and form a gel network in the presence of gel-promoting cations. There is thus 
competition between carrageenan-carrageenan and carrageenan-casein interactions, as the 
high charge density of the helices now permits the electrostatic interaction with κ-casein 
(Langendorff et al., 1999). At low carrageenan/casein ratios a mixed gel network is formed, 
with casein micelles acting as bridges connecting carrageenan helices (Fig. 3.5c). At high 
carrageenan/casein ratios, there is enough free carrageenan present to form a pure, self-
supporting carrageenan network (Fig. 3.5d).  
 
 
Fig. 3.5. Schematic representation of carrageenan/casein micelle mixtures above (a,b) and below (c,d) 
the coil-helix transition temperature at low (a,c) and high (b,d) carrageenan/casein ratios (From 
Langendorff et al., 1999) 
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A certain proportion of the carrageenan molecules are adsorbed on the casein micelles, which 
mainly act as reinforcing fillers of the carrageenan gel (Langendorff et al., 2000). 
 
3.2. Starch 
 
3.2.1. Introduction 
 
Starch is one of the most abundant plant products and plays a major role in the human diet as 
a bulk nutrient and energy source (Zobel & Stephen, 1995). It can be derived from (waxy) 
maize, wheat, potato, rice, tapioca, and many other sources and functions as an energy 
reservoir in those plants. Starch is extensively used in the food industry for nutritional, 
technological, sensorial, and even aesthetic purposes. In order to meet the specific 
requirements to fulfil a certain role, starches are frequently modified both physically and 
chemically (Light, 1990). The resulting compatibility with modern processing technologies 
and increased functionality makes starch an even more attractive ingredient in food products. 
The driving forces behind the tendency to tailor starches for specific applications include 
(Murphy, 2000): 
 
• to create competitive advantage in a new product 
• to reduce production costs 
• to simplify a label declaration 
• to avoid batch rejects 
 
Gaining insight in the capabilities of starch and finding ways to make use of its potential are 
thus key objectives in the food industry.  
 
3.2.2. Manufacture 
 
Maize is the world’s principal source of commercial starch. Potatoes are the other major 
source while smaller amounts of starch are produced from wheat, tapioca, rice, and sorghum 
(BeMiller, 1993). The separation and purification of starch are based on two distinctive 
properties in which starch differs from other plant constituents like proteins, fibers, and lipids 
(Rapaille & Vanhemelrijck, 1997). First, starch is organized in granules or structural entities 
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with a size ranging from 2 to 100 µm depending on the plant source. Second, these granules 
are characterized by a high density of about 1600 kg/m³. Different manufacturing processes 
are applied and all have the objective to recover starch as undamaged granules. 
 
Maize starch is produced through a wet milling process that involves a combination of 
chemical and mechanical treatments (Jackson, 2003). After cleaning, maize is stored in 
steeping tanks where it is soaked for 30-40 hours in water of 48-52°C. To inhibit growth of 
putrefying micoorganisms, enhance growth of indigenous Lactobacillus, prevent grain 
germination, and facilitate disruption of the protein matrix, 0.1-0.2% sulphur dioxide is added 
to the process water. Also, enzymes that are native to the kernels are activated and assist in 
breaking down the structure. At the end of the steeping period maize kernels should contain 
about 45% water, have released 6-6.5% of their dry substances in the steep water and have 
absorbed 0.2-0.4 g of sulphur dioxide per kg (Watson, 1984). After steeping the softened 
kernels pass over shakers in a second cleaning operation and subsequently are coarsely 
ground or pulped with water in an attrition mill to break up the kernels and free the germ. 
Care has to be taken to avoid damaging the germ, since disrupted germ cells lose oil which is 
mostly absorbed by gluten and can not be recovered (Watson, 1984). The actual separation of 
the germ takes place in hydrocyclones and is based on the low density of the oil-rich germ. 
The underflow of the germ hydrocyclones, containing fiber and endosperm pieces, is more 
thoroughly ground in an impact mill in order to dissociate starch, protein, and fibre, after 
which the latter is removed by filtration. In the last purification step starch is separated from 
the maize protein fraction. The defibered mixture of starch and protein, known as mill starch, 
contains between 5 and 8% insoluble protein, which is reduced to 1-2% by centrifugation. 
After passing through a number of hydrocyclones, this amount has fallen down to 0.3-0.4% 
on dry basis. The final starch slurry can then be washed and dried or left as a slurry for future 
modification (Jackson, 2003). Some properties of starches originating from different sources 
are given in Table 3.2. 
 
3.2.3. Structure 
 
3.2.3.1. Molecular structure 
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Table 3.2. Overview of some properties of starch granules from different origins (Adapted from 
BeMiller, 1993 and Murphy, 2000) 
 Maize Waxy 
maize 
High-amylose 
maize 
Potato Tapioca Wheat
Lipid content 
(% dry matter) 
0.8 0.2 - 0.1 0.1 0.9 
Protein content 
(% dry matter) 
0.35 0.25 0.5 0.1 0.1 0.4 
Amylose content 
(%) 
28 <2 50-70 21 17 28 
Granule size  
(µm) 
2-30 2-30 2-24 5-100 4-35 2-55 
Gelatinization 
temperature (°C) 
62-72 63-72 - 59-68 62-73 58-64 
 
The relative amounts of both depend on the botanical source, but usually starch contains 18-
33% amylose and 67-82% amylopectin. However, some mutant genotypes of common maize 
contain as much as 70% amylose, whereas other genotypes called waxy maize contain less 
than 1% (Buleon et al., 1998). 
 
Amylose is a flexible, essentially linear molecule consisting of α-D-glucopyranosyl units 
connected by α-(1,4) linkages (Zobel & Stephen, 1995). It is however well established that 
amylose shows a small degree of branching, although the amount of glucose units involved in 
branching points is less than 1% (Ball et al., 1996). The degree of polymerization ranges from 
a few hundred up to 6000, providing molecular weights from 104 to 106 Dalton (Rapaille & 
Vanhemelrijck, 1997). Amylose forms a left-handed helix with a hydrophobic interior, which 
allows it to form complexes with nonpolar molecules, particularly lipids (BeMiller, 1993; 
Hill, 2003). 
 
Amylopectin is a highly branched molecule composed of (1,4)-linked α-D-glucopyranosyl 
units interrupted by α-(1,6)-linked branching points every 20-26 monomer units. Its degree of 
polymerization may be larger than 10000 yielding molecular weights of 107 Dalton and more, 
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which makes amylopectine one of the largest molecules in nature (Rapaille & Vanhemelrijck, 
1997).  
 
 
Fig. 3.6. Structure of amylose and amylopectin (From Murphy, 2000) 
 
The basic organization of amylopectin is described in terms of A, B, and C chains (Fig. 3.7). 
Each molecule contains one C chain that contains the sole reducing terminal residue and 
carries all other chains as branches (Buleon et al., 1998). The B chains or inner chains are the 
main branches of the C chain and in turn carry the A chains or outer chains, which are strictly 
composed of (1,4)-linkages, as branches (Hoseney, 1998). 
 
3.2.3.2. Granule structure 
 
In native starches, molecules of amylose and amylopectin and limited amounts of water are 
organized within a durable, morphologically identifiable, microscopic structure called the 
granule (Zobel & Stephen, 1995). The shape (round, oval, polyhedral), particle size (2-100 
µm), and particle size distribution (uni-, bi-, trimodal) of starch granules are typical of the 
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botanical origin (Vandeputte & Delcour, 2004). Furthermore, starch granules are not soluble 
in cold water but give rise to aqueous dispersions (Eliasson & Gudmundsson, 1996). Starch 
granules possess a concentrically layered structure with alternating semicrystalline and 
amorphous regions. As shown in Fig. 3.7, the crystalline regions are composed of a regular 
pattern of amorphous and crystalline lamellae with a thickness of around 9 nm (Biliaderis, 
1992). The linear chains of amylopectin, around 20 glucose units long and interrupted by 
(1,6)-linkages, are responsible for the crystalline lamellae and cause the appearance of the 
typical Maltese cross pattern when a starch granule is illuminated with polarized light, also 
known as birefringence (Murphy, 2000). The amorphous phase on the other hand consists of 
amorphous amylose and intercrystalline regions of dense branching in amylopectin.  
 
 
Fig. 3.7. Structure of a starch granule (Adapted from Hill, 2003) 
 
3.2.4. Gelatinization and pasting 
 
Gelatinization and pasting are properties that arise from the characteristic granular structure 
and represent unique features that distinguish starch from other gums. Atwell et al. (1988) 
defined gelatinization as the collapse of molecular orders within the starch granule manifested 
in irreversible changes in properties such as granular swelling, native crystallite melting, loss 
of birefringence, and starch solubilization. Starch granules do not dissolve in cold water but 
do absorb a limited amount of water and show some swelling, although these changes are 
entirely reversible and do not affect the crystallinity (Zobel, 1984). According to Hill (2003), 
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the granules absorb up to 50% of their weight as water, resulting in a volume increase of 30-
100%. Irreversible changes take place when a starch dispersion is heated above a certain 
critical temperature that depends on the botanical source. Gelatinization is believed to start 
with the hydration of the more accessible intermicellar amorphous regions of the granule, 
followed by the melting of the crystalline regions (Leach, 1984). The resulting swelling of the 
granules is responsible for the loss of order and consequently the loss of birefringence. This 
swelling is also accompanied by the solubilization of particularly amylose, a process that has 
been reported to start around 70°C in excess water (Hoseney, 1998).  Individual granules 
gelatinize over a narrow temperature range of about 1°C, but a population of granules usually 
gelatinizes over a range of around 10°C. Also, larger granules swell at lower temperatures 
than the smaller ones (BeMiller, 1993). 
 
Pasting is defined as the phenomenon following gelatinization in the dissolution of starch. It 
involves granular swelling, exudation of molecular components from the granule, and 
eventually, total disruption of the granules (Atwell et al., 1988). Disintegration especially 
takes places when the swollen and fragile granules are subjected to shear and results in the 
formation of a molecular dispersion containing granule remnants. The pasting phenomenon is 
initially accompanied by a large increase in viscosity (Fig. 3.8). However, as swollen granules 
disintegrate, referred to as over-cooking, the viscosity of the starch paste shows a marked 
decrease.  
 
3.2.5. Retrogradation 
 
Retrogradation can be defined as the process during which the molecules comprising 
gelatinized starch begin to reassociate in an ordered structure and is thought to have a major 
influence on the texture, digestibility, and consumer acceptance of starch-based products 
(Atwell et al., 1988; Biliaderis, 1992). Upon cooling a starch paste the amylose fraction 
rapidly starts to associate due to its relatively small size and high mobility (Murphy, 2000). 
Initially, hydrogen bonds between linear segments of two or more starch chains form a simple 
juncture point which may then develop into more extensively ordered regions and eventually 
crystallize. 
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Fig. 3.8. Microstructural and viscosity changes of starch upon heating 
 
These changes lead to an increase in paste viscosity and opacity and the formation of a gel 
network or precipitation (BeMiller, 1993). Retrogradation of amylopectin is a much slower 
process that may take place over days (Jacobson et al., 1997). In contrast to amylose, 
retrogradation of amylopectin is more sensitive to temperature and requires higher polymer 
concentrations (Biliaderis & Zawistowski, 1990). 
 
3.2.6. Starch modification 
 
The use of native starches in foods is restricted by their physicochemical properties such as 
(Wurzburg, 1995): 
 
• granules are insoluble in water and require heating to develop their functionality 
• the viscosity of a native starch paste is often too high during processing 
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• most native starches have the tendency to lose their viscosity and thickening power 
due to over-cooking or degradation by shear 
• native starches are susceptible to retrogradation, which often results in undesired 
changes like water separation from gels or staling of bread 
 
Modified starches are tailored to eliminate some of these shortcomings that limit or prevent 
the utilization of native starches in food applications. Moreover, they can provide an 
economic advantage substituting higher priced hydrocolloids in many applications for which 
native starch is not suited (Light, 1990). Modification involves chemical as well as physical 
processes, the former of which are summarized in Fig 3.9. 
 
 
Fig. 3.9. Overview of the chemical modification of starch (From Murphy, 2000) 
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3.2.6.1. Cross-linking 
 
Cross-linking is the most important chemical modification in starch industry and involves the 
reaction of a chemical compound with two hydroxyl groups forming covalent bonds between 
adjacent chains (Murphy, 2000). These cross-links reinforce the granule, restricting swelling 
and imparting resistance to processing conditions such as temperature and shear (Light, 
1990). Cross-linked starches were thus developed to minimize or prevent granule rupture 
during heat treatments, providing a better ultimate viscosity and a short, non-cohesive texture. 
Distarch phosphates and distarch adipates are the most frequently used cross-linked starches 
in food industry (Rapaille & Vanhemelrijck, 1997; Wurzburg, 1995). Only a low level of 
cross-linking is required, typically one cross-link per 100-3000 glucose units (Murphy, 2000). 
 
3.2.6.2. Stabilization 
 
Stabilized starches are produced by the reaction of monofunctional reagents with some of the 
hydroxyl groups on the starch molecules to introduce bulky substituent groups that sterically 
hinder starch chains in their tendency to re-align after heating (Wurzburg, 1995). The primary 
objective of stabilization is thus to prevent retrogradation and thereby prolong the shelf life of 
starch-containing products. The effectiveness of stabilization is mainly determined by the type 
and the amount of substituted groups. Acetylated and hydroxypropylated starches are the most 
common types in food industry and typically contain less than 2 substituents per 10 glucose 
units (Murphy, 2000). 
 
3.2.6.3. Conversion 
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Converted starches basically underwent treatments to decrease their molecular weight through 
break-up of the glucosidic linkages of amylose and amylopectin (Wurzburg, 1995). As a 
result, the consistency of the granules is altered and consequently their ability to swell and 
absorb large volumes of water is weakened. Converted starches are thus characterized by a 
lower process viscosity upon heating, which for instance allows the use of higher starch 
concentrations than physically possible with native starches. Four different processes are 
applied in the production of converted starches, i.e. acid hydrolysis, oxidation, dextrinization, 
and enzymatic hydrolysis, each of which yielding specific functional properties (Murphy, 
2000). 
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3.2.6.4. Pregelatinization 
 
Pregelatinization is a physical modification process that is carried out on both native and 
chemically modified starches. As starch usually requires heat to develop its functionality, 
pregelatinization is applied to remove the necessity for heating (Murphy, 2000; Rapaille & 
Vanhemelrijck, 1997). The process consists of heating a starch slurry above its gelatinization 
temperature, immediately followed by drying before retrogradation takes place. Pregelatinized 
starches have the ability to form a paste in cold water and are primarily used for convenience 
(BeMiller, 1993).  
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4. Materials and methods 
 
4.1. Dessert preparation 
 
4.1.1. Introduction 
 
The extensive amount of literature available on the influence of SMP or individual milk 
proteins on the gelation of κ-carrageenan and the much smaller number of studies dealing 
with starch/carrageenan mixtures have one important thing in common: gels are always 
formed following a heat treatment during which temperatures never exceed 95°C. Referring 
back to the different processing procedures of commercial dairy dessert discussed in section 
2.3, these conditions roughly correspond with those encountered in the production of 
pasteurized desserts. However, temperatures up to 95°C do not even come close to those 
involved in the manufacturing of sterilized and particularly UHT desserts, the latter of which 
nowadays makes up the majority of ready-to-eat milk desserts. Thus the question arises 
whether findings reported in literature can simply be extrapolated to desserts prepared using 
the processing conditions met in industry.  
 
Beside temperature, also the influence of shearing can not be neglected. During industrial 
processing dessert mixtures are constantly subjected to shear as they are pumped through the 
installations, conditions that are impossible to imitate on lab scale. Particularly during process 
operations like homogenization or indirect UHT heating using scraped-surface heat 
exchangers dessert mixtures are subjected to very high shear forces, the effects of which 
largely remain unknown. In an attempt to gain insight in these matters three different 
procedures were applied for the preparation of dairy desserts, starting at lab scale and scaling 
up to pilot scale.  
 
4.1.2. Lab-scale desserts 
 
Dairy desserts were prepared using five ingredients: 
 
• low-heat skimmed milk powder or SMP (Belgomilk, Belgium) 
• native maize starch (Meritena 100, Tate & Lyle, Belgium) 
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• alcohol-precipitated kappa-carrageenan (Satiagel AMP 45, Degussa Texurant 
Systems, Belgium) 
• sucrose (Grand Pont, Tiense Suikerraffinaderij, Belgium) 
• demineralised water 
 
First, the appropriate amount of SMP was dissolved in demineralised water and kept 
overnight at 4°C allowing milk proteins to become fully hydrated. Following, desired 
quantities of starch, carrageenan, and sugar were weighed, mixed to avoid lumping upon 
dispersion and subsequently added to the cold milk. The mixture was heated in a water bath 
for 20 min at 90°C, after which gelation occurred upon cooling. During heating the mixture 
was constantly stirred to maintain homogeneity. 
 
As desserts with varying composition were prepared and each ingredient has its own 
characteristic mineral content, the total cation content of the mixtures showed extensive 
variations. However, the amount and type of cations present has been shown to importantly 
affect κ-carrageenan gelation (Drohan et al., 1997; Hemar et al., 2002; Hermansson et al., 
1991; Michel et al., 1997; Nickerson et al., 2004; Piculell et al., 1997; Puvanenthiran et al., 
2001; Yuguchi et al., 2003). For instance, the gel strength of a 0.5 % κ-carrageenan gel was 
increased by more than 300 % upon addition of 0.03 % CaCl2 (Xu et al., 1992). Since 
carrageenan is the principal gelling agent, differences in cation content can thus result in 
important changes in the rheological properties of the desserts. Moreover, Sudhakar et al. 
(1995) observed a salt effect on the gelatinization temperature and viscosity of maize starch, 
while Tecante & Doublier (2002) found an important increase in G’ upon addition of 
potassium chloride to an amylose gel. To exclude or at least minimize these cation effects, the 
calcium, potassium, sodium, and magnesium content of the various components was 
determined and the dessert composition with the highest contents was considered as reference. 
As a result, the cation content of the dessert mixtures could be kept constant by adding 
calciumphosphate, potassium chloride, sodium chloride and magnesium chloride up to the 
level of the reference. This approach was particularly followed to allow estimating the 
contribution of milk proteins to structure build-up and resulting rheological properties. As 
milk powder is a rich source of especially calcium, it is otherwise not possible to elucidate 
whether effects of changes in the SMP content can be ascribed to the proteins or the cations 
present (Hemar et al., 2002; Puvanenthiran et al., 2001). 
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4.1.3. Sterilized desserts 
 
Desserts were prepared using a Unimix laboratory mixer, shown in Fig. 3.10 (Haagen & 
Rinau Mischtechnik, Germany). A minimal amount of 1.5 kg dessert mix was brought into a 
steel vessel that was sealed hermetically by a hydraulic closing system. Therefore, products 
could be heated above their atmospheric boiling point as the pressure that builds up inside the 
vessel prevents the product from boiling. The vessel is surrounded by a double jacket that 
permits both heating and cooling upon circulating hot and cold water, respectively. After 
connecting the vessel to the water recirculation system, cooling is first switched on to assure 
the double jacket is completely filled with water since remaining air hinders heat transfer. 
When heating is turned on, valves close the water entrance and exit of the Unimix, trapping 
the water inside. This water is then circulated along an electrical heating system and further 
through the jacket of the vessel containing the dessert mixture. Just like the vessel, the water 
circuit is sealed hermetically, allowing the liquid water to be heated above its atmospheric 
boiling point. When switching over to cooling, the entrance and exit valves open and cold 
water replaces the hot water in the jacket of the vessel. Furthermore, the Unimix is equipped 
with a stirrer to avoid ingredient sedimentation and improve heat transfer. 
 
 
Fig. 3.10. Unimix laboratory mixer 
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Compared to the formulation of lab-scale desserts, native maize starch was substituted by a 
modified starch. Native starch can not withstand the high temperatures involved in the 
sterilized dessert preparation and would become overcooked, meaning that its granular 
structure would be completely lost (Rapaille, 1995). Therefore, adipate cross-linked acetyl 
substituted waxy maize starch, obtained from Tate&Lyle (Belgium) and labelled in foods as 
E1422, was used instead. This type of starch has been reported to be one of the most common 
starches in ready-to-eat dairy desserts with a long shelf life (Descamps et al., 1986; Rapaille 
et al., 1988; Rapaille & Vanhemelrijck, 1992). 
 
Again, SMP was dissolved in demineralised water the day before addition of the other dry 
ingredients. After dispersing carrageenan, starch, and sugar and stirring the mixture until 
homogeneity, it was transferred to the Unimix and subjected to the following temperature 
program (Rapaille & Vanhemelrijck, 1992): 
 
• preheating to 90°C 
• isothermal for 20 min 
• heating to 120°C 
• isothermal for 3 min 
• cooling to 90°C 
 
Similar to the preparation of lab-scale desserts, salts were added to the reconstituted skimmed 
milk to compensate for differences in cation content as a result of changes in dessert 
composition.  
 
4.1.4. Pilot-scale desserts 
 
To simulate the processing conditions found in industry, dairy desserts were prepared using 
the Viscolab (Tetrapak, Sweden), an indirect UHT pilot plant (Fig. 3.11). The Viscolab is a 
versatile installation that can be used in many different configurations and is especially 
designed for the production of viscous products. A Viscolab experiment usually starts with a 
sterilization of the installation to avoid additional contamination of the product before heating 
and especially recontamination of the product during subsequent cooling and filling.  
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Fig. 3.11. Overview picture of the Tetrapak Viscolab 
 
Sterilization is carried out by recirculating hot water of 120-130°C through the entire 
installation for about half an hour. Care has to be taken to assure that this high temperature is 
reached till the very end of the installation, which logically is the coldest and thus critical 
point because it is the farthest away from the heating section. Because pressurized water of 
120-130°C can not simply be discarded and exposed to atmospheric pressure, it must be 
cooled before it can be drained off. Therefore, the Viscolab contains an additional tubular heat 
exchanger that is never used for production but is exclusively reserved for water cooling 
during sterilization. This so-called sterile cooler uses tap water as cooling medium, the flow 
rate of which can be changed in order to control the exit temperature of the water. Typically, 
water is cooled down to 80-90°C, redirected to the feed tank and reintroduced in the 
installation, thus allowing a fast reheating to the sterilization temperature. Following 
sterilization, fresh tap water is run through the Viscolab while all instrument parameters are 
set for production. This is done until a steady state is reached, meaning that the water in each 
section of the installation has reached the desired temperature and stays constant in time. 
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At steady state the feed tank is allowed to run empty, at which point the dessert mix is poured 
into the tank. Following this procedure a minimal dilution of the product is obtained. 
Similarly and for the same reason, the tank is again filled with water as soon as the dessert 
mix has left the feed tank. When the product batch has passed the filling unit, heat medium is 
no longer supplied and the installation is allowed to cool down by pumping around cold 
water.  
 
Each experimental run is followed by a cleaning step to remove product remnants left behind 
in the installation. The removal of these remnants is crucial as product leftovers present an 
ideal medium for microbial growth. Furthermore, these biofilms protect microorganisms 
during sterilization, which makes them difficult to kill during sterilization prior to the next 
production. The Viscolab is equipped with a cleaning-in-place or CIP system, implying that 
the installation does not need to be taken apart for cleaning purposes. The CIP system consists 
of a separate tank, pump, and heat exchanger which are not used for production. The CIP tank 
is used as a buffer for the recirculation of cleaning solutions and is the place where chemicals 
are dosed. The CIP pump is a powerful centrifugal pump able to circulate the CIP solutions at 
high flow rates of about 4500 l/h, which is more than 10 times the maximal flow rate of the 
feed pump used during production. The CIP system also contains a plate heat exchanger that 
is used to bring the cleaning solutions to the desired temperature using high-pressure steam as 
heat medium since removal of leftovers is more efficient at elevated temperatures. The 
temperature of the CIP solution is governed by a controller that regulates the opening of a 
valve, thus determining the flow rate of steam that is fed to the plate heat exchanger. A typical 
cleaning procedure consists of five steps (Tetrapak, 2003): 
 
• rinsing with water, the volume of which roughly corresponds with twice the volume of 
the entire installation 
• recirculating a 1% sodium hydroxide solution for 10 minutes at 75°C 
• rinsing with water 
• recirculating a 1% phosphoric acid solution for 10 minutes at 65°C 
• rinsing with water 
 
The ingredients used for the preparation of pilot-scale desserts are the same as those used in 
the production of sterilized desserts, i.e. κ-carrageenan, adipate cross-linked acetyl substituted 
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waxy maize starch, SMP, sucrose, and demineralised water. Again, SMP and salts were 
dissolved in water and kept overnight to allow complete hydration. The next day carrageenan, 
starch, and sucrose were added and the mixture was stirred until homogeneity.  
 
An overview of the Viscolab configuration used in this research is given in Fig. 3.12. After 
pouring the dessert mix into the feed tank (1), the dispersion is pumped through the 
installation by the action of the feed pump (2). This is a frequency-controlled positive 
displacement pump that is able to provide a product flow rate ranging from about 50 to 400 
l/h. The feed pump pushes the product to a switch board where it is redirected to a multi-
tubular heat exchanger (3), consisting of one outer pipe surrounding four small inner tubes 
containing the product. This heat exchanger is used for pre-heating the dessert mix to 70°C 
using hot water as heat medium (Degussa Food Ingredients, 2003; Rapaille & Vanhemelrijck, 
1992). Hot water is generated by pumping around water in a closed circuit along a plate heat 
exchanger (5), where low-pressure steam is used as heat medium. The temperature of the hot 
water is set by controlling the opening of a compressed-air operated valve regulating the 
steam flow rate through the plate heat exchanger. To reduce fluctuations in the hot water 
temperature, a manual valve can be used to allow only part of the water to pass through the 
plate heat exchanger, while the other part directly returns to the tubular heat exchanger. A 
centrifugal pump (4) forces the hot water to flow through the outer pipe of the tubular heat 
exchanger, the surface of which is corrugated to generate a more turbulent flow, thus 
improving heat transfer. 
 
The pre-heated dessert mix is directed to a two-stage high-pressure homogenizer (6) that is 
however only performing a one-stage homogenization. Basically the homogenizer consists of 
a frequency-controlled, three-piston pump that forces the product to pass through a very 
narrow, adjustable opening. The pressure drop over this opening is known as the 
homogenization pressure and is set at 50 bar (Rapaille et al., 1988; Rapaille & Vanhemelrijck, 
1992). Homogenization provides a thorough mixing of the dessert ingredients and is 
necessary in the production of commercial products to avoid a sandy mouthfeel. For good 
operation, it is crucial to accurately adjust the speed of the homogenizer pump to that of the 
feed pump. A homogenizer pump running too slow causes the occurrence of over-pressure, 
eventually leading to the blowing-up of some part between the feed pump and the 
homogenizer. 
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Fig. 3.12. Schematic overview of the Viscolab configuration used for the production of UHT dairy 
desserts (1 = feed tank; 2 = feed pump; 3 = tubular heat exchanger; 4 = hot water pump; 5 = plate heat 
exchanger; 6 = homogenizer; 7 = heating contherm; 8 = holding cell; 9 = cooling contherm) 
 
On the other hand, a homogenizer pump running too fast would suck the section between the 
two pumps dry, disrupting the steady-state and making temperature control in the pre-heater 
impossible. As the homogenizer pump is limited to a flow rate of around 300 l/h, this also 
restricts the flow rate of the feed pump to this value.  
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Following homogenization the dessert mix is further heated to 130°C in a contherm or 
scraped-surface heat exchanger (7). This contherm consists of a large, vertical, cylindrical 
vessel and a central, rotating shaft that is driven by a frequency-controlled motor (Fig. 3.13). 
The shaft is equipped with a large number of blades that constantly scrape off product from 
the inner surface of the contherm upon rotation. The heat exchanger has a double wall and 
high-pressure steam is flowing between the inner and outer wall as heat medium. A controller 
determines the temperature of the product leaving the contherm as it regulates the opening of 
compressed-air operated valve, thus governing the applied steam flow rate. 
 
 
Fig. 2.13. Scraped-surface heat exchanger or contherm 
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The speed of rotation was set to 70 rpm for a first series of experiments and increased to 350 
rpm for a second series. Leaving the contherm at 130°C, the product then enters a holding cell 
(8) that is basically an isolated closet filled with different loops of one single pipe. By 
choosing a certain number of loops and adjusting the product flow rate of both the feed and 
homogenizer pump, the appropriate holding time can be established. In this research 
experiments were performed at a product flow rate of 250 l/h and a holding time of 39s at 
130°C. 
 
Cooling is performed in another contherm (9) that is completely similar to the one used for 
heating. Only in this scraped-surface heat exchanger the milk desserts are cooled down from 
130°C to the filling temperature of around 70°C. The cooling medium used is ice water, fed to 
the contherm from an ice water generator. This generator consists of a large container filled 
with demineralised water that is traversed by a large amount of copper tubes. Usually the 
generator is charged at night, during which a layer of ice with a controlled thickness is formed 
around the copper tubes. During operation the liquid water in the generator, having a 
temperature close to 0°C, is pumped through the double wall of the contherm, while the 
returning water is again cooled down by the melting ice. This is achieved by a powerful 
centrifugal pump providing an ice water flow rate of 8500 l/h. To control the temperature of 
the product leaving the cooling contherm, a manual valve is used to determine what part of 
the cooling water flows back to the ice water generator while the other part is returned to the 
heat exchanger and mixed with fresh ice water. This way the temperature of the water flowing 
through the contherm as cooling medium can be regulated, and as a result the exit temperature 
of the dairy dessert can be controlled. The rotating shaft inside the cooling contherm is rotated 
at the same speed as that inside the heating contherm and similarly regulated by a frequency 
controller on the contherm motor. 
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Finally, the dessert mix is filled in the appropriate container and allowed to gel. Filling takes 
place in a laminar flow cabin suited for aseptic packaging. Air is sucked into the cabin by a 
ventilator and passes through a high-efficiency particle air (HEPA) filter, thus assuring that all 
microorganisms present in the ambient air are removed. This allows the UHT-treated product 
to be packed in a sterile environment and prevents recontamination, which would importantly 
limit the shelf life of the product. Although the cabin is open at the bottom, no ambient air 
carrying microorganisms can enter due to the over-pressure created by the ventilator. Excess 
product passes the filling unit and is discarded at the drain. 
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4.2. Rheological oscillation experiments 
 
Small amplitude oscillatory measurements were performed on a Bohlin CVO50 controlled 
stress rheometer (Bohlin Instruments, UK) using a cup and bob geometry. However, due to 
technical problems a limited number of oscillation experiments were carried out on an 
AR2000 rheometer (TA Instruments, Belgium) equipped with a comparable cup and bob 
geometry. The procedure followed and test conditions applied were identical for both 
instruments. Hot dessert mixtures were transferred from the water bath to the rheometer, 
which was equilibrated at 55°C. An isolated cover was used to minimize temperature 
variations within the sample while the atmosphere under the cover was saturated with water to 
prevent moisture loss. Samples were cooled from 55 to 4°C at a rate of 1°C/min and kept at 
4°C for 1 hour. The dynamic moduli and phase angle were recorded at a frequency of 1 Hz, 
which is regarded as the standard frequency for gelation experiments as it represents a good 
compromise between sensitivity for structural changes and time resolution (Clark, 1992). 
Furthermore, a small, constant strain of 0.002 was applied in order not to interfere with the 
gelation process. Upon cooling the gelation temperature Tg was defined as the temperature at 
which a sharp rise in G’ was detected, coinciding with a decrease in phase angle.  
 
4.3. Penetration tests 
 
Large deformation measurements were performed in 5-fold on a Texture Analyser TA500 
(Lloyd Instruments, UK) equipped with a stainless steel cylindrical probe. Hot dessert 
mixtures were poured into smooth-edged glass beakers. The top edge of the beakers was taped 
and overfilled so that samples could be cut off after gelation to obtain a perfectly flat surface, 
free from irregularities and air bubbles. The samples were covered to prevent dehydration and 
kept overnight at 4°C. Penetration tests were performed at a penetration rate of 10 mm/min 
over a distance of 20 mm, corresponding to one third of the height of the samples. The total 
work for penetration, represented by the surface under the force deformation curve, was 
defined as the gel strength (Van Camp and Huyghebaert, 1995).  
 
4.4. Syneresis 
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Syneresis is a usually undesired phenomenon that involves water separation during storage of 
a gel due to network contraction. Centrifugation is extensively used to study the susceptibility 
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to syneresis of products such as yoghurt, dairy products gelled with hydrocolloids, and starch 
gels (Harwalker & Kalab, 1983; Johnston et al., 1993; Zheng & Sosulski, 1998). The main 
advantage of centrifugation is the ability to speed up the occurrence of syneresis, which is 
particularly useful when studying long shelf-life products that exhibit water separation during 
prolonged storage like sterilized or UHT dairy desserts. In this research, syneresis was 
measured by a centrifugation test using a Sorvall RC-5B centrifuge. Centrifuge tubes were 
partially filled with hot dessert mix and stored at 4°C for 7 days. Subsequently they were 
centrifuged at the appropriate amount of g for a certain period of time. After centrifugation 
the free water was separated, weighed and expressed as percentage of the total amount of 
water present in the dessert.  
 
4.5. Particle size determination 
 
The particle size distribution of swollen starch granules was measured by laser diffraction 
using a Malvern MasterSizer (Malvern, UK) equipped with a 300 mm reversed Fourier lens 
and a MSX-17 sample dispersion unit. As particles are sent through a HeNe-laser beam, laser 
light is scattered in a typical diffraction pattern consisting of consecutive circular bands of 
varying intensity. As the scattering angle of the light is related to the size of the particles in 
the laser beam, the particle size distribution can be derived from the measurement of the 
scattering intensities using the optical properties of the particles and the suspension medium. 
 
Following heating in a water bath, a small amount of hot dessert mixture was diluted in hot 
demineralised water in an approximate ratio of 1:15 to prevent gelation and cooled to ambient 
temperature. This sample was then brought into the dispersion unit and pumped to the 
measuring cell. As refractive index for starch and continuous phase, 1.5295 and 1.3300 were 
used respectively (Tecante & Doublier, 1999). The imaginary component of the starch 
refractive index was equal to zero, meaning that swollen starch granules were regarded as 
non-absorbing or transparent particles. The volume weighed mean diameter D4,3 was used to 
investigate the influence of dessert composition on starch swelling, while the volume 
equivalent mean diameter D3,0 allowed the calculation of the carrageenan concentration C* 
(w/v%) in the continuous water phase of the dessert. An overview of this calculation is shown 
in Fig. 3.14. 
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Fig. 3.14. Schematic overview of the derivation of the carrageenan concentration in the water phase of 
the dessert (C*, w/v%) based on the D3,0 of swollen starch granules as determined by laser diffraction 
 
4.6. Experimental design and statistical analysis 
 
The composition of the desserts in this research was based on that of a typical vanilla-
flavoured dessert, as given in Table 3.3. 
 
Table 3.3. Typical composition of a vanilla-flavoured dairy dessert (Adapted from Rapaille & 
Vanhemelrijck, 1992) 
Ingredient Concentration (wt%) 
Milk 81.5 – 83.0 
SMP 1.8 
Sucrose 8.0 – 12.0 
Starch 1.5 – 4.5 
Carrageenan 0.15 – 0.25 
Vanilla flavour 0.025 
Colouring agent 0.005 
 
While the concentration of water and sucrose, not being directly involved in the structure 
build-up of the dessert, was kept constant, a mixture design was used to study the influence of 
varying concentrations of carrageenan, starch, and SMP on the dessert properties. In any other 
type of experimental design these ingredients would be varied at the expense of water or 
sucrose, which would then be considered as an inert material. This is however not the case in 
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these dairy desserts which contain over 20 wt% dry matter and where competition for 
available water exists between the different components.  
 
A change in water or sucrose content can importantly affect the amount of available water and 
therefore have its own effect on the rheological properties of the desserts. Several studies have 
also demonstrated that sucrose increases both the small and large deformation rheological 
properties of κ-carrageenan gels (Bayarri et al., 2003, 2004; Lethuaut et al., 2003; Rey & 
Labuza, 1981). Moreover, it is well known that sucrose has a pronounced effect on the 
functionality of starch, particularly the gelatinization and pasting behaviour (Godshall & 
Solms, 1992; Gonera & Cornilion, 2002; Jang et al., 2001; Sudhakar et al., 1995). Varying 
one component at the expense of water or sucrose can thus lead to misleading data and wrong 
conclusions. Using a mixture design, the water and sucrose concentration can be kept constant 
and thus differences in rheological properties are only caused by variations in the other three 
dessert ingredients. However, as also the sum of the carrageenan, starch, and SMP 
concentration has to be constant, a change in one component inevitably implies a change in at 
least one other component. Thus, the design variables can not be varied independently from 
each other, which has important consequences for data analysis and result interpretation. 
 
A constrained, three-component mixture design, characterized by the restriction that the sum 
of the three components is fixed at 10.55 wt%, was built. The applied concentration ranges of 
the three design components are given in Table 3.4. Furthermore, the concentration of water 
and sucrose was kept constant at 77.45 and 12 wt%, respectively.  
 
Table 3.4. Component ranges in the mixture design 
Component Minimum (wt%) Maximum (wt%) 
SMP 5.00 10.00 
Starch 0.50 5.50 
κ-Carrageenan 0.05 0.50 
 
The design consisted of 18 experiments including 5 repetitions for the calculation of the pure 
error and 7 experiments for the lack-of-fit test (Table 3.5). The former is the variability or 
noise that is caused by parameters that are not controlled in the design, while the latter 
compares the pure error with the variability that is derived from the comparison of 
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experimentally obtained response values with values calculated by the derived model 
(Cornell, 1990). A significant lack-of-fit test points out that the calculated model does not 
apply for the entire experimental region and is as such intolerable. A lack-of-fit usually 
indicates the presence of outliers in the experimental data, or may imply that a higher-order 
model is required to accurately fit the data. 
  
Table 3.5. Overview of the 18 experimental runs in the mixture design 
Run SMP (wt %) Zetmeel (wt %) Carrageen (wt%) 
1 5.000 5.500 0.050 
2 5.000 5.500 0.050 
3 10.000 0.500 0.050 
4 10.000 0.500 0.050 
5 5.000 5.050 0.500 
6 5.000 5.050 0.500 
7 9.550 0.500 0.500 
8 9.550 0.500 0.500 
9 7.500 3.000 0.050 
10 7.270 2.780 0.500 
11 9.780 0.500 0.270 
12 5.000 5.280 0.270 
13 7.390 2.890 0.270 
14 7.390 2.890 0.270 
15 8.700 1.690 0.160 
16 8.470 1.690 0.390 
17 6.190 3.970 0.390 
18 6.195 4.195 0.160 
 
Second-order Scheffé polynomials were fitted to the experimental data: 
 
Y = β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + β23X2X3 (3.1) 
 
where Y is the dependent variable, the β’s are the coefficient estimates for each linear and 
cross product term of the prediction model and X1, X2, and X3 are the concentration of SMP, 
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starch, and carrageenan, respectively. This Scheffé polynomial differs from a common 
second-degree polynomial in the fact that is does not contain a constant and pure quadratic 
terms. Actually, these terms are originally present but can be converted to linear and two-way 
cross product terms using the mixture design restriction that the sum of the independent 
variables is always constant: 
 
X1 + X2 + X3 = C (3.2) 
 
β11X1² = β11X1(C – X2 – X3) = Cβ11X1 – β11X1X2 – β11X1X3 (3.3) 
 
β0 = 3020103210 XCXCXC)XXX(C
β+β+β=++β  (3.4) 
 
However, when fitting a model to the experimental data using SPSS, a constant term was 
added at the expense of one linear term in order to obtain a true value for the determination 
coefficient R². In the absence of an intercept the regression sum of squares can not be 
corrected for the overall mean and therefore leads to an inflation of F and R² values, giving 
the impression that the model is better than it really is (Hu, 1999). The following model was 
thus fitted to the obtained data: 
 
Y = B0 + B2X2 + B3X3 + B12X1X2 + B13X1X3 + B23X2X3 (3.5) 
 
where B0 is the intercept and the other B’s are the calculated coefficient estimates. This 
equation can then be converted to a second-order Scheffé polynomial as follows: 
 
32233113211233220
321 XXBXXBXXBXBXBB
C
XXX
Y +++++++=  
 (3.6) 
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Y +++++++=  
 (3.7) 
By defining 
C
B0
1 =β , C
B
B 022 +=β , C
B
B 033 +=β , β12 = B12, β13 = B13, and β23 = B23 this 
equation can be converted to equation 3.1. It must be emphasized that terms like X1X2 can not 
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be regarded as the interaction effect between variables X1 and X2 because they are not 
independent from each other. 
 
As the magnitude of the concentration range covered by carrageenan differs from that of 
starch and SMP, the design is inconsistent, implying that the coefficients of the fitted model 
can not be interpreted as such (Cornell, 1990). Therefore, the model can only be used as a tool 
for the construction of graphs, which is the reason why an I-optimal mixture design was 
applied. An I-optimal design minimizing the maximal prediction error inside the experimental 
region provides graphs with the highest reliability, therefore allowing the best interpretation 
of the experimental data. 
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5. Results and discussion 
 
5.1. Ingredient characterization 
 
Some basic analyses were carried out to determine the chemical composition of the different 
dessert ingredients. SMP was found to have a moisture content of 4.95%, an ash content of 
8.04%, and a fat content of 1.38%. It contained 53.85% lactose and 37.11% protein, of which 
29.85% was casein. κ-Carrageenan had a moisture content of 11.62% and an ash content of 
21.00%. Native maize starch was characterized by a moisture content of 11.37% and an ash 
content of 0.10%. Finally, adipate cross-linked acetyl substituted waxy maize starch was 
found to have a moisture content of 12.40 % and an ash content of 0.37 %. The cation content 
of the individual dessert constituents is given in Table 3.6. 
 
Table 3.6. Content of potassium, calcium, sodium, and magnesium (mg/kg) for the different dessert 
ingredients 
 K Ca Na Mg 
Carrageenan 29500 1496 17000 330 
Native maize starch <100 14.3 343 8.7 
Modified maize starch <100 33.8 964 6.9 
SMP 15400 8660 4038 1060 
Sucrose <100 10 <50 <5 
 
5.2. Result representation 
 
A contour plot, consisting of several contour lines representing a certain constant response 
value in the design region, is the most common graph type used to visualize the results 
generated in an experimental three-component mixture design (Cornell, 1990). Such a contour 
plot is drawn in the so-called mixture triangle or simplex, in which the three medians each 
represent a component axe that reaches a maximum in the corresponding corner of the 
triangle. However, as the applied mixture design is inconsistent due to the constraints on the 
three variables, the shape of the design region changes from the entire triangle to a trapezium, 
bordered by the line of 0.5 wt% carrageenan (Fig. 3.15).  
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Since no software was available to construct satisfying contour plots in such an irregular 
design region, a transformation from a simplex coordinate system to a two-coordinate system 
was applied, based on triangle geometry (Hu, 1999). After this transformation to a X-Y 
coordinate system, graphs were generated using Sigmaplot, although the software required a 
response value for each possible X-Y combination. Therefore, the design trapezium had to be 
extended outside the experimental region, as shown by the rectangular graph window in Fig. 
3.15. Eventually, contour graphs were constructed inside this rectangle and superimposed on 
the original mixture triangle. 
 
 
Fig. 3.15. Example of a contour plot drawn in the experimental region of the applied mixture design. 
The underlined numbers indicate the true component ranges along their respective axe in the mixture 
triangle, while the X-Y data is obtained after a transformation from a three-coordinate to a two-
coordinate system 
 
However, the obtained contour plots did not seem to allow a thorough interpretation of the 
results because of the difficulty to investigate component effects in a three-coordinate space 
that is very limited in size. Therefore, an alternative and novel type of graph was constructed, 
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showing three-component mixture design data as a simple response-predictor plot (Fig. 3.16). 
Because carrageenan had a predominant effect on the examined dessert properties, it was 
chosen as the discriminating variable and as a consequence the graphs are referred to as iso-
carrageenan plots. Furthermore, carrageenan had the advantage that it was only varied over a 
limited concentration range that was about 10 times smaller than that of starch and SMP 
(Table 3.4 section 4.6). As a result, the applied concentration range of starch and SMP 
showed only very limited changes in function of the concentration of carrageenan, keeping in 
mind that the sum of the three components always equals 10.55 wt%. For example, at the 
minimum carrageenan concentration of 0.05 wt% the starch content was able to vary from 0.5 
to 5.5 wt% and the SMP content from 5 to 10%, while at 0.5% carrageenan this became 0.5 to 
5.05 wt% for starch and 5 to 9.55 wt% for SMP. 
 
As can be seen from Fig. 3.16, an iso-carrageenan plot shows the change in a certain response 
variable when changing the starch/SMP ratio at different constant carrageenan concentrations. 
Because the sum of the starch and SMP content in the dessert is constant for a given 
carrageenan concentration, increasing the amount of starch thus implies a decrease in the 
amount of SMP, and vice versa. An increasing starch/SMP ratio therefore indicates a 
substitution of SMP by starch in the dessert.  
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Fig. 3.16. Example of an iso-carrageenan plot showing the change in response upon changing the 
starch/SMP ratio of the dessert at different constant carrageenan concentrations 
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5.3. Lab-scale desserts 
 
5.3.1. Statistical analysis 
 
The coefficient estimates of the second-order Scheffé polynomials fitted to the experimental 
data are summarized in Table 3.7. For G*, Tg, gel strength, syneresis, and D4,3 highly 
significant predictive models (p<0.001) with a high to very high determination coefficient 
were obtained, indicating that variations in the response variables could be ascribed to a large 
extent to variations in the dessert composition. Furthermore, lack-of-fit tests were all found to 
have a significance level well above 0.05, indicating that the derived models were able to 
accurately predict the response values throughout the entire design region.  
 
Table 3.7. Derived predictive models for various response variables including the determination 
coefficient R² (A = SMP, B = starch, C = κ-carrageenan) 
 Coefficient estimates 
Factor G* (Pa) Tg (°C) Gel strength (mJ) Syneresis (%) D4,3 (µm) 
A 63.17 3.94 -0.14 0.43 3.38 
B 746.38 3.54 -0.14 1.30 2.69 
C 55566.70 -100.52 575.00 -132.19 30.36 
AB -119.81 0.12 0.19 -0.21 0.07 
AC -5537.66 10.69 -51.91 13.10 -3.37 
BC -4140.04 11.76 -50.48 12.40 -2.32 
R² 0.91 0.75 0.99 0.89 0.78 
 
5.3.2. Oscillatory rheology 
 
A typical gelation curve, obtained upon cooling a hot dessert mixture subjected to constant 
oscillation, is shown in Fig. 3.17. It is clearly seen that G’ is larger than G” from the very 
beginning of the gelation curve at 55°C, which is also reflected in the low initial value of the 
phase angle. However, this does not mean that the system is already gelled at 55°C. The 
presence of considerable amounts of starch is the reason why the phase angle is well below 
the liquid/solid border of 45° at the start of the experiment. 
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Fig. 3.17. Gelation curve of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% carrageenan, and 
2.89 wt% starch, corresponding to the center point of the experimental design (o = elastic modulus; ▲ 
= viscous modulus; ■ = phase angle) 
 
Starch dispersions are known to exhibit a yield stress, which means they act as a solid when 
subjected to a shear stress below a certain critical value, but start to flow and behave as a 
liquid at higher stress levels (Steffe, 1996). Gelation curves are recorded at a low constant 
strain of 0.002 in order not to disturb the gelation process. For the hot dessert mixture, this 
strain is attained at very low shear stress values, which in fact are often smaller than the yield 
stress. The determination of the yield stress σ0, shown as the shear stress at which a maximal 
viscosity is observed during a shear stress ramp, is presented in Fig. 3.18 for the center point 
of the mixture design. A yield stress of around 0.35 Pa was found, which is indeed larger than 
the initial shear stress of the oscillation tests with a value below 0.20 Pa. As a result, dessert 
mixtures mostly behave as a solid throughout the entire oscillation experiment. Exceptions are 
those desserts that are characterized by the minimal starch concentration of 0.5 wt%, which 
actually show a cross-over of G’ and G” upon cooling.  
 
The complex modulus, regarded as an indication of the rigidity or consistency of the desserts, 
was determined after cooling from 55 to 4°C and a subsequent isothermal stage of 1 hour.  
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Fig. 3.18. Determination of the yield stress of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% 
carrageenan, and 2.89 wt% starch, corresponding to the center point of the experimental design 
 
A frequency sweep performed at this time showed that the dessert behaved as a true gel, with 
the value of the storage and loss modulus being relatively independent from frequency over 
an extended frequency range (Fig. 3.19).  
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Fig. 3.19. Frequency sweep of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% carrageenan, and 
2.89 wt% starch, corresponding to the center point of the experimental design (o = elastic modulus; ▲ 
= viscous modulus) 
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The amplitude sweep, represented in Fig. 3.20 and recorded at a frequency of 1 Hz, shows G’ 
and G” curves that are typical for a strong gel. The curves show a clear linear viscoelastic 
region, stretching out to a strain of about 0.01 or 1%. 
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Fig. 3.20. Amplitude sweep of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% carrageenan, and 
2.89 wt% starch, corresponding to the center point of the experimental design (o = elastic modulus; ▲ 
= viscous modulus; ■ = phase angle) 
 
The iso-carrageenan plot for the complex modulus G* is represented in Fig. 3.21. It can be 
seen that higher values for G* are obtained with increasing carrageenan concentration. At a 
constant carrageenan concentration G* also rises as the starch/SMP ratio increases. In other 
words, the substitution of SMP by starch leads to higher G* values, up to 4500 Pa at 0.5 wt% 
carrageenan. At the lowest carrageenan concentration, the substitution of SMP by starch 
initially seems to result in a decrease in G*. However, additional experiments have shown that 
this decrease is not genuine and was caused by the model fit. This demonstrates that the iso-
carrageenan plots should be interpreted as a whole and that it is not obvious to draw 
conclusions from small parts of the design region. Thus, for the defined experimental region 
an increase in starch concentration at the expense of SMP always leads to higher G* values. 
This finding does not give information on the separate effects of SMP and starch. For 
instance, it can not be concluded that the addition of SMP causes a decrease in G*. It only 
shows that the contribution of starch to G* is larger than that of SMP.  
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Fig. 3.21. Influence of the starch/SMP ratio on the complex modulus at different κ-carrageenan 
concentrations 
 
Keeping in mind the well described milk reactivity of carrageenan, these results may seem 
surprising. Numerous studies have shown that κ-carrageenan gelation in reconstituted 
skimmed milk results in gels with a higher complex modulus in comparison to gel formation 
in water (Hemar et al., 2002; Langendorff et al., 2000; Schorsch et al., 2000; Tziboula & 
Horne, 1998, 1999b). Starch on the other hand has also been found to importantly increase the 
G* of κ-carrageenan gels, sometimes up to 5 times the value of carrageenan alone (Lai et al., 
1999; Tecante & Doublier, 1999). The gel properties of κ-carrageenan – starch composites are 
believed to be mainly governed by the exclusion effect of swollen granules, resulting in a 
concentration of carrageenan in the continuous water phase (De Vries, 1992). Limited effects 
are ascribed to the interference of soluble starch molecules with the gel structure formation, 
although phase separation between amylose and κ-carrageenan has also been suggested (Lai 
et al., 1999; Tecante & Doublier, 2002).  
 
Both the presence of SMP and starch are thus expected to cause an increase in G*, but in this 
research the contribution of starch was found to be considerably higher than that of SMP. It is 
important to notice that the cation content was kept constant irrespective of the dessert 
composition, while in other studies the addition of SMP usually implied an extensive increase 
in cation content due to its high content of milk salts. The importance of both the type and 
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concentration of cations for carrageenan gelation is beyond doubt, so it was never possible to 
distinguish the effects of milk proteins from the effects of milk salts.  
 
For all dessert compositions phase angle values were close to 6°, meaning that G’ values were 
approximately 10 times larger than G” values. The only exception was the dessert with the 
minimal amount of carrageenan and starch and the maximal amount of SMP with a phase 
angle of around 16°, indicating more fluid-like behaviour. This dessert was also characterized 
by the lowest G* value. 
 
The substitution of SMP by starch also leads to an increase of the gelation temperature Tg 
(Fig. 3.22). Increasing the starch concentration from its lower to its upper limit causes a rise in 
Tg of 1 to 3°C, depending on the amount of carrageenan present. This observation is in 
accordance with previous studies. Although Lynch & Mulvihill (1994) reported an increase in 
Tg when adding different casein fractions to a 1% κ-carrageenan solution, other authors found 
that milk proteins had no significant effect on the gelation temperature of κ-carrageenan 
(Drohan et al., 1997; Keogh & Lainé, 1995; Langendorff et al., 2000; Schorsch et al., 2000; 
Puvanenthiran et al., 2001). On the other hand, the addition of 1% rice starch to a 2% 
carrageenan solution was found to cause a significant increase in Tg, mainly ascribed to an 
elevation of the carrageenan concentration in the continuous phase (Lai et al., 1999). 
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Fig. 3.22. Influence of the starch/SMP ratio on the gelation temperature at different κ-carrageenan 
concentrations 
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The combined effect of lowering the SMP concentration and raising the starch concentration 
thus results in a higher Tg. Increasing the carrageenan concentration also leads to an increase 
of the gelation temperature as carrageenan helices become closer packed and therefore are 
more likely to aggregate upon cooling.   
 
5.3.3. Penetration tests 
 
The iso-carrageenan plot for the gel strength, derived from penetration tests, is represented in 
Fig. 3.23. It can be seen that the gel strength increases with the carrageenan concentration. 
Furthermore, the distance between successive curves clearly increases at higher carrageenan 
concentrations, indicating that the relation between the gel strength and the carrageenan 
concentration is rather quadratic than linear. Substituting SMP by starch leads to an increase 
in gel strength, which is more pronounced at low starch/SMP ratios. In literature little 
information on the influence of starch on the large deformation behaviour of κ-carrageenan 
gels is available. De Vries (2002) reported a 25% decrease in breaking strength of a 0.2% κ-
carrageenan milk gel after adding 2% native maize starch and suggested that carrageenan 
gelation was negatively affected by starch. Lai et al. (1999) observed a decrease in gel 
strength, obtained from a compression test, upon addition of various concentrations of rice 
starch to a 2.0% carrageenan gel.  
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Fig. 3.23. Influence of the starch/SMP ratio on the gel strength at different κ-carrageenan 
concentrations 
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The influence of SMP on the large deformation behaviour of κ-carrageenan gels has also been 
the subject of a limited number of studies. Without exception, SMP was found to increase the 
gel strength of the carrageenan gels, as determined by penetration of compression tests 
(Mleko et al., 1997; Puvanenthiran et al., 2001, 2003). However, in this research the 
contribution of starch to the gel strength of the desserts is larger than that of SMP, as clearly 
demonstrated in Fig. 3.23. And since it is very unlikely that the addition of SMP itself would 
decrease the gel strength, starch seems to have a pronounced positive effect on the gel 
strength.  
 
5.3.4. Syneresis 
 
The amount of free water, separated from the dessert following a centrifugation at 365 g for 
10 min and expressed as percentage of the total amount of water originally present in the 
dessert, was determined as an indication for the occurrence of syneresis. As shown by the iso-
carrageenan plot in Fig. 3.24, a decrease in carrageenan concentration leads to a higher degree 
of syneresis. Therkelsen (1993) already reported that syneresis of κ-carrageenan gels becomes 
particularly significant with low levels of hydrocolloid, high levels of gelling cations or both. 
Since the cation content of the desserts is kept constant, higher cation/carrageenan ratios are 
obtained at low carrageenan concentrations which could also contribute to an increased 
susceptibility to syneresis. Furthermore, the substitution of SMP by starch initially results in a 
decrease in syneresis, but leads to an increase at high starch/SMP ratios. This behaviour is 
most likely caused by two antagonistic processes taking place in the dessert. On the one hand 
water is immobilized in swollen starch granules and thus protected against syneresis, which 
seems to be the main effect at low starch/SMP ratios. On the other hand the reorganisation of 
starch molecules during cold storage may result in a release of water, whereby amylose has a 
higher tendency to retrograde than amylopectin (Zheng & Sosulski, 1998). Results point out 
that water separation due to retrogradation seems to dominate at high starch/SMP ratios. 
 
5.3.5. Granule size determination 
 
The size of the swollen maize starch granules was comparable with sizes found in literature, 
although for most dessert compositions slightly smaller diameters were measured (Rao et al., 
1997; Ziegler et al., 1993). 
__________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
Chapter 3: κ-Carrageenan gelation in dairy desserts as affected by composition and processing conditions 84 
__________________________________________________________________________________ 
0
1
2
3
4
5
6
0 0.2 0.4 0.6 0.8 1 1.2
Starch/SMP ratio (wt%/wt%)
Sy
ne
re
si
s 
(%
)
0.10 wt% 0.20 wt% 0.30 wt% 0.40 wt% 0.50 wt%
 
Fig. 3.24. Influence of the starch/SMP ratio on syneresis at different κ-carrageenan concentrations 
 
From Fig. 3.25 it can be seen that an increase of the carrageenan concentration leads to 
smaller granule diameters, indicating that starch swelling is restricted by the presence of 
carrageenan. The substitution of SMP by starch in general also leads to a decrease in D4,3, 
except at the highest carrageenan concentration.  
 
32
33
34
35
0 0.2 0.4 0.6 0.8 1 1.2
Starch/SMP ratio (wt%/wt%)
D
4,
3 
(µ
m
)
0.10 wt% 0.20 wt% 0.30 wt% 0.40 wt% 0.50 wt%
 
Fig. 3.25. Influence of starch/SMP ratio on the volume weighted mean diameter of swollen starch 
granules at different κ-carrageenan concentrations 
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Results seems to demonstrate that the availability of water is the limiting factor for granule 
swelling during heating. The more starch is present, the less water is available per individual 
granule. This finding illustrates the importance of the use of a mixture design in this study and 
demonstrates that a linear response approach would most likely lead to wrong conclusions. 
For instance, varying the SMP content at the expense of water could cause significant changes 
in starch swelling, the influence of which on the rheological properties of the dessert would 
then be considered as an effect of SMP. 
 
Table 3.8 shows the Spearman’s correlation coefficient of G*, Tg, and gel strength with the 
carrageenan concentration C* (w/v%) in the water phase, which was derived from the starch 
volume fraction as calculated using laser diffraction data. All correlations were found to be 
highly significant (p<0.01), but particularly the one with the gel strength is remarkably high. 
From Fig. 3.26 it can be seen that there exists an almost perfect quadratic relation between C* 
and the gel strength of the desserts. This quadratic relation was already suggested in Fig 3.23 
by the increasing distance between the iso-carrageenan lines at higher carrageenan levels. In 
other words, the carrageenan concentration in the water phase of the dessert allows an 
accurate prediction of the gel strength, thus indicating that the large deformation behaviour of 
the desserts is almost exclusively governed by the carrageenan content and the exclusion 
effect of swollen starch granules. This also implies that milk proteins and swollen starch 
granules, this time considered as structural components, appear to have a similar effect on the 
gel strength in the defined experimental region, or have no effect at all.  
 
Table 3.8. Spearman’s correlation coefficient between the carrageenan concentration in the water 
phase and the complex modulus G*, the gelation temperature Tg and the gel strength 
 G* Tg Gel strength 
Correlation coefficient 0.692* 0.726* 0.994* 
*p<0.01 
 
As for starch, it was already reported that an exclusion effect, resulting in a concentration of 
the gelling agent in the water phase, mainly influenced the rheological properties of 
composite gels (De Vries, 1992; Lai et al., 1999; Tecante & Doublier, 1999). This could also 
explain the levelling off observed at high starch/SMP ratios for the gel strength in Fig. 3.23. 
As more starch is added to the dessert, the increase in volume occupied by starch granules is 
reduced since the size of the individual granules decreases.  
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Fig. 3.26. Quadratic relationship between the gel strength and the carrageenan concentration C* in the 
water phase 
 
Therefore, the increase in carrageenan concentration in the continuous water phase and as a 
result the increase in gel strength of the desserts is decreasing at higher starch/SMP ratios, 
which can be observed as a decline of the slope of the iso-carrageenan curves. This could also 
be the explanation for the levelling off of the gelation temperature at high starch/SMP ratios, 
as observed in Fig. 3.22. 
 
Although highly significant correlations with C* were also obtained for G* and Tg, it is clear 
that variations in C* alone cannot explain the observed changes. Correlation analysis showed 
that milk proteins and starch also significantly contribute to G* (p<0.01) and Tg (p<0.01 and 
p<0.05 respectively). In the case of starch it could not be said whether this was an effect of 
swollen starch granules acting as fillers and/or leaked out amylose interacting with 
carrageenan chains. Since the gel strength was not affected, interference of amylose with 
carrageenan gelation seems unlikely. Possibly swollen starch granules are easily deformed 
during uniaxial large deformation tests, but may importantly affect the rheological behaviour 
of the desserts when subjected to shear. 
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5.3.6. Ingredient replacement 
 
As explained above, the interpretation of iso-carrageenan plots only yields information on the 
combined effect of increasing the starch concentration and decreasing the SMP concentration 
at various carrageenan levels or vice versa. It does not provide information about the 
influence of the individual components on the desserts properties. To gain more insight in the 
exact role of starch and SMP, three series of additional experiments were performed using 
different dessert ingredients (Table 3.9). The comparison of series 1 and 2, investigating the 
effect of the substitution of maize starch by waxy maize starch, was expected to clarify the 
possible influence of amylose that is known to leak out of maize starch granules during 
heating but is not present in waxy maize starch. The comparison of series 1 and 3 allowed to 
get an idea of the specific effect of the casein micelles that are present in SMP but not in whey 
powder (WP). However, it should also be kept in mind that the total protein concentration of 
SMP and WP is different (respectively 37.1% and 12.2%), thus also being partly responsible 
for possible differences. 
 
Table 3.9. Ingredients which, together with sucrose and water, constitute the different series of dairy 
desserts 
Series Components 
1 Skimmed milk powder Native maize starch κ-carrageenan 
2 Skimmed milk powder Native waxy maize starch κ-carrageenan 
3 Whey powder Native maize starch κ-carrageenan 
 
The effect of ingredient replacement was studied for five different dessert compositions, 
corresponding to the four corners and the center point of the experimental region (Fig. 3.27). 
Choosing the five desserts with the most diverging compositions also allowed studying 
possible concentration effects. The exact levels of carrageenan, SMP/WP, and starch are 
given in Table 3.10. Dessert preparation was completely similar to that in the mixture design, 
as for the determination of the dessert properties, and was performed in three-fold. The cation 
content was also kept constant for the three series and the five runs, but was a bit different 
from that in the mixture design because whey powder contained a considerably higher amount 
of potassium compared to SMP. The exact cation content of WP was 24.16 g K/kg, 4.30 g 
Ca/kg, 5.50 g Na/kg, and 0.97 g Mg/kg. 
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Fig. 3.27. Graphical representation of the five dessert compositions (■) chosen for ingredient 
replacement tests in the mixture triangle, with the grey area being the experimental region 
 
Table 3.10. Dessert composition for the five experimental points in the ingredient replacement tests 
Composition Carrageenan (wt%) SMP/WP (wt%) Starch (wt%) 
1 0.05 5 5.5 
2 0.05 10 0.5 
3 0.5 5 5.05 
4 0.5 9.55 0.5 
5 0.27 7.39 2.89 
 
The obtained experimental data for the ingredient replacement study is summarized in Table 
3.11. For each composition a statistical analysis was carried out to check whether significant 
differences existed between the different series. If so, these differences could thus be ascribed 
to the substitution of a specific dessert ingredient by an alternative component. Comparison of 
series 1 and 3, or desserts respectively containing SMP and WP, yields very clear results. For 
all investigated compositions, desserts of series 1 were found to have a significantly higher 
G* and gel strength.  
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Table 3.11. Results of oscillation, penetration, and laser diffraction tests together with the standard 
deviation between brackets for the five compositions of the three series (for each composition column 
values with a different letter in superscript are significantly different at p<0.05) 
 Series G* (Pa) Tg (°C) δ (°) Gel strength (mJ) D4,3 (µm)
 1 838.5A 
(219.1) 
45.6A 
(0.4) 
5.5A 
(0.5) 
4.1A 
(0.3) 
33.2A 
(0.8) 
Composition 1 2 188.8B 
(9.8) 
47.4B 
(1.1) 
8.1B 
(0.3) 
4.1A 
(0.3) 
42.2B 
(0.9) 
 3 305.0B 
(135.2) 
47.6B 
(0.6) 
4.5C 
(0.5) 
1.5B 
(0.1) 
30.0C 
(1.0) 
 1 57.2A 
(17.4) 
45.6A 
(0.4) 
5.8A 
(0.9) 
1.5A 
(0.2) 
31.8A 
(1.2) 
Composition 2 2 145.2B 
(9.0) 
45.7A 
(0.4) 
5.0A 
(0.3) 
1.3A 
(0.0) 
61.8B 
(4.1) 
 3 32.9C 
(4.2) 
48.4B 
(0.6) 
3.1B 
(0.4) 
0.8B 
(0.3) 
30.2A 
(1.7) 
 1 6900.0A 
(1796.5) 
46.7A 
(0.5) 
6.4A 
(1.2) 
37.6A 
(1.9) 
28.8A 
(1.3) 
Composition 3 2 6850.6A 
(374.2) 
47.1A 
(0.8) 
7.4A 
(0.5) 
29.6B 
(1.2) 
36.2B 
(0.7) 
 3 511.7B 
(207.9) 
48.5B 
(0.5) 
8.0A 
(0.5) 
25.8C 
(1.3) 
27.4A 
(2.2) 
 1 755.9A 
(180.9) 
47.3A 
(1.0) 
8.1A 
(0.4) 
26.6A 
(2.7) 
30.7A 
(0.6) 
Composition 4 2 753.6A 
(211.1) 
46.8A 
(0.1) 
7.6A 
(1.1) 
20.5B 
(0.4) 
41.0B 
(1.1) 
 3 285.6B 
(92.7) 
49.3B 
(0.2) 
7.9A 
(0.4) 
22.1B 
(1.1) 
31.5A 
(1.0) 
 1 1609.3A 
(334.6) 
48.3A 
(0.4) 
6.6A,B 
(0.8) 
12.7A 
(0.6) 
34.1A 
(0.4) 
Composition 5 2 3362.6B 
(613.3) 
47.1B 
(0.5) 
5.3A 
(0.7) 
17.9B 
(1.2) 
36.5B 
(0.8) 
 3 248.4C 
(74.4) 
49.4C 
(0.5) 
7.6B 
(1.1) 
8.2C 
(0.2) 
32.4A 
(1.5) 
 
Results thus clearly indicate the importance of casein micelles on the rheological properties of 
the desserts and are well in line with the extensively described milk reactivity of carrageenan 
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that is explained by a specific electrostatic interaction between the sulphate groups of 
carrageenan and κ-casein on the surface of the micelles. Recently, Spagnuolo et al. (2005) 
were able to take pictures of this interaction at nanometer resolution using field emission 
scanning electron microscopy (FE-SEM) that clearly showed how carrageenan strands 
adsorbed on the micelle surface (Fig. 3.28). As a result, addition of casein micelles was found 
to yield κ-carrageenan gels with an increased rigidity (Langendorff et al., 2000; Schorsch et 
al., 2000). Furthermore, Sedlmeyer et al. (2003) reported an increase in both G* and gel 
strength of a κ/ι-hybrid carrageenan gel in milk upon increasing the casein/whey protein ratio. 
 
 
Fig. 3.28. Interaction between κ-carrageenan and casein micelles (bar = 200 nm) visualized by field 
emission scanning electron microscopy (From Spagnuolo et al., 2005) 
 
However, numerous studies have shown that the presence of whey proteins also leads to a 
strengthening of κ-carrageenan gels, although no consensus exists about the nature of the 
interaction between whey proteins and carrageenan. Baeza et al. (2002) found an increase in 
G* and textural properties like hardness and cohesiveness upon addition of native β-
lactoglobulin to a 0.5% κ-carrageenan solution. Thermodynamic incompatibility between the 
two biopolymers was regarded as the main cause of these synergistic effects. Above the 
isoelectric point of the protein electrostatic repulsive forces between protein molecules and 
carrageenan, each carrying a negative charge, would promote excluded volume effects leading 
to a mutual concentration of both components in separated microphases. This phase 
separation is believed to be more pronounced following thermal denaturation of whey 
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proteins, which was also shown in the work of Hemar et al. (2002). This would also explain 
the significant increase in Tg upon β-lactoglobulin addition, as Tolstoguzov (1995) stated that 
biopolymer incompatibility leads to a higher rate of gelation and a lower concentration 
required for gelation. Ould Eleya & Turgeon (2000) confirmed the phase separation theory in 
a study combining 1 % κ-carrageenan with 0.5 to 10 % β-lactoglobulin. While the protein in 
its native state seemed to weaken the polysaccharide network, especially when present in high 
concentration, a strong increase in G* was observed when β-lactoglobulin was denatured, 
which was ascribed to protein aggregation and the formation of a bicontinuous network. 
Mleko et al. (1997) studied mixtures of whey proteins and κ-carrageenan at pH values 
ranging from 1 to 11 and determined the shear stress at fracture as a measure of strength of 
the obtained gels. Although addition of 0.5 % carrageenan increased the gel strength at all pH 
values above the isoelectric point of the whey proteins, the strongest synergistic effects was 
observed at pH 6-7. Similarly, addition of 3% whey protein isolate (WPI) to a 0.5 % 
carrageenan gel increased the gel strength with a maximum between pH 6 and 7. It was also 
shown that whey protein denaturation following heating resulted in higher gel strengths and in 
the occurrence of some attractive interactions with carrageenan, as shown by a significant 
decrease in surface hydrophobicity. The presence of SMP at a level providing the same 
protein content as WPI also increased the gel strength of the carrageenan gels, but to a lower 
extent than the whey proteins. Euston et al. (2002) and Capron et al. (1999) mentioned the 
existence of an interaction that only occurred when whey proteins were denatured as a result 
of a heat treatment. The denaturation process itself was not affected, but the presence of 
carrageenan resulted in an acceleration of the aggregation of unfolded whey proteins. 
However, this acceleration was believed to be caused by phase separation rather than by 
complex formation between whey proteins and carrageenan. Tziboula & Horne (1998, 1999a) 
studied κ-carrageenan gelation in different milk fractions and obtained stronger gels in milk 
serum than in reconstituted skimmed milk. They believed that antagonistic phenomena took 
place below the coil-helix transition temperature and suggested that κ-carrageenan was 
capable of forming complexes with both casein micelles and whey proteins. This 
complexation would limit the availability of carrageenan chains for the formation of 
carrageenan-carrageenan linkages in the build-up of a continuous gel network and therefore 
have an adverse effect on gelation. As complexation is likely to be more pronounced with 
casein micelles than with whey proteins, a given carrageenan concentration leads to higher G* 
values in milk serum. However, the authors did not rule out the existence of a specific 
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interaction between whey proteins and carrageenan. These results were confirmed in another 
study that also showed that the extent of heat denaturation of whey proteins did not play a role 
on the rheological properties in the absence of casein micelles, but seemed to become 
important in skimmed milk (Tziboula & Horne, 1999b). This latter was however contradicted 
by Puvanenthiran et al. (2001, 2003) who reported that the alteration of the casein micelle 
surface as a result of complex formation between denatured κ-casein did not affect the 
binding of κ-carrageenan with the casein micelle. Finally, Drohan et al. (1997) stated that 
milk proteins appeared to have little effect on carrageenan gels at polysaccharide 
concentrations of 0.1 wt% or higher. Both the amount and the type of milk protein present did 
not show any significant effect on the rheological properties of the gels. It was concluded that 
gelation was predominantly the result of association of κ-carrageenan helices. 
 
Analysis of the gelation temperature showed that substitution of SMP by WP always resulted 
in an increase in Tg, which is in line with previous studies. Tziboula & Horne (1999a) found 
that the initial increase in G* upon cooling occurred at higher temperatures in milk serum than 
in skimmed milk. They explained this finding by the existence of a strong carrageenan/casein 
interaction that had to be satisfied before aggregation of carrageenan helices could take place, 
which also clarified why the minimum carrageenan concentration for gelation was higher in 
milk than in milk serum. Baeza et al. (2002) observed a significant increase in Tg upon adding 
2% β-lactoglobulin to a 0.5% κ-carrageenan solution and ascribed this to the occurrence of 
phase separation. 
 
For desserts that contained only 0.05 wt% carrageenan, substitution of SMP by WP led to a 
significantly smaller phase angle, while no effect was observed at higher carrageenan levels. 
Finally, apart from composition 1 the swelling of maize starch granules was not affected by 
the replacement of SMP by WP.  
 
Considering all experimental results and taking into account κ-carrageenan/milk protein 
phenomena reported in literature, it appears that the effect of whey proteins on the dessert 
properties is governed by thermodynamic incompatibility with carrageenan. In the absence of 
casein, repulsive forces concentrate both whey proteins and carrageenan in separate phases. 
This process is amplified by the exclusion effect of starch granules that basically increases the 
effective concentration of both components in the continuous phase. Phase separation leads to 
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a closer packing of carrageenan molecules facilitating helix aggregation and thus causes an 
increase in Tg. On the other hand, the effect of whey proteins on the mechanical strength of 
the desserts appears to be very small. In the presence of casein micelles, an attractive 
interaction between carrageenan and κ-casein most likely takes place. As a consequence, 
casein micelles are included in the carrageenan network, in which they may act as bridges 
between carrageenan helices or as reinforcing fillers enhancing the mechanical strength of the 
gel. Moreover, casein micelles could also influence the dessert properties through 
complexation with heat-denaturated β-lactoglobulin, limiting phase separation between whey 
proteins and carrageenan but also including whey proteins in the gel network. On the other 
hand, as there exists a competition between carrageenan-casein and carrageenan-carrageenan 
interactions, the presence of casein micelles could induce a decrease in Tg. 
 
The effects of the substitution of normal maize starch by waxy maize starch are much less 
straightforward than those observed when replacing SMP by WP. Only granule swelling 
shows a consistent influence of the starch type present, as waxy maize starch always has a 
significantly higher D4,3 than normal maize starch. Although this observation suggests that the 
exclusion effect is more pronounced for waxy maize starch, this does not result in a clear 
trend for the rheometer and texture analyzer data. With respect to G*, no significant effect of 
the starch type was demonstrated for desserts containing the maximal amount of carrageenan, 
i.e. composition 3 and 4. However, desserts prepared with waxy maize starch showed an 
increased G* in the case of composition 2 and 5, while desserts containing normal maize 
starch were found to have a higher G* for composition 1. The more pronounced swelling of 
waxy maize starch did not result in an increase in Tg, except for composition 1 corresponding 
with 5.5 wt% starch and 0.05 wt% carrageenan. On the contrary, composition 5 showed a 
significantly higher Tg with normal maize starch. At the minimum carrageenan concentration 
of 0.05 wt%, the type of starch present did not have a significant effect on the gel strength of 
the desserts. Desserts containing 0.5 wt% carrageenan showed a higher gel strength in the 
presence of normal maize starch, while the contrary was true for the center point of the 
mixture design. 
 
The obtained results do not readily provide insight in the role of amylose in the structure 
build-up of κ-carrageenan-based dairy desserts. Tecante & Doublier (2002) investigated 
mixtures of amylose and κ-carrageenan and suggested that the gelation behaviour was 
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governed by a phase separation phenomenon. Autio et al. (2002) came to the same conclusion 
after studying the rheological properties of blends of high-amylose starch and κ-carrageenan. 
They reported the existence of two independent networks constituted by respectively amylose 
and carrageenan which would rule out a coupling between the two biopolymers. According to 
Alloncle & Doublier (1991), the viscoelastic properties of maize starch/hydrocolloid systems 
were also determined by the incompatibility with amylose, beside the dominating exclusion 
effect of swollen starch granules. Eidam et al. (1995) showed that the gelation temperature of 
a 5% starch paste was increased by κ-carrageenan, while gelation was actually retarded in the 
presence of ι-carrageenan. Both carrageenans also had an opposite effect on the storage 
modulus, causing a decrease in the case of kappa and an increase in the case of iota. The 
authors explained these observations by the occurrence of phase separation and a specific 
interaction between amylose and κ- and ι-carrageenan, respectively. On the other hand, Lai et 
al. (1999) suggested a coupling interaction between κ-carrageenan and solubilized starch 
molecules that was believed to have a limited effect on gel structure formation. 
 
Comparison of normal and waxy maize starch desserts suggests that different aspects of starch 
functionality determine its final contribution to the rheological properties. First, the total 
volume occupied by starch granules as a result of heat-induced swelling plays an undeniable 
role raising the effective concentration of the primary gelling agent carrageenan in the 
continuous phase. Second, the starch granules contribute directly to the rheological dessert 
properties as they act as inert fillers of the gel network. Various types of starch are likely to 
show differences in granule rigidity, thus resulting in differences in mechanical strength. 
Finally, dissolved amylose coexisting with carrageenan and milk proteins in the continuous 
water phase will most likely also exhibit a certain influence on the dessert properties, 
probably as a result of thermodynamic incompatibility with carrageenan and retrogradation of 
amylose upon cooling. 
 
5.4. Sterilized desserts 
 
5.4.1. Statistical analysis 
 
Table 3.12 shows the coefficient estimates and the determination coefficients of the Scheffé 
models fitted to the obtained experimental data. Each model significantly fitted the respective 
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response data (p<0.01 for Tg, p<0.001 for G*, gel strength, and syneresis) and showed no lack 
of fit, indicating that the model adequately covers the entire experimental region. For G*, gel 
strength, and syneresis very high determination coefficients were obtained, whereas for Tg a 
lower R² was found, probably due to the fact that only small differences in Tg were recorded. 
As the syneresis model initially showed a significant lack-of-fit, a logarithmic transformation 
was carried out on the experimental data. Consequently, the following model was fitted: 
 
3X2X233X1X132X1X123X32X21X1 e.e.e.e.e.eY ββββββ=  (2.8) 
 
Table 3.12. Derived predictive models for various response variables including the determination 
coefficient R² (A = SMP, B = starch, C = κ-carrageenan) 
 Coefficient estimates 
Factor G* (Pa) Tg (°C) Gel strength (mJ) Syneresis* (%)
A -7.30 3.73 -0.02 0.45 
B -482.60 3.99 1.83 -1.11 
C 76339.64 -78.04 155.10 90.69 
AB 94.07 -0.03 -0.28 0.16 
AC -7414.64 8.31 -10.57 -9.63 
BC -5660.46 8.68 -16.60 -9.37 
R² 0.98 0.72 0.99 0.94 
* Model coefficients were obtained after a logarithmic transformation of the experimental data 
 
5.4.2. Oscillatory rheology 
 
From the iso-carrageenan plot for the complex modulus G*, shown in Fig. 3.29, it can be seen 
that increasing the carrageenan concentration leads to higher G* values at any starch/SMP 
ratio. Substituting SMP by starch also leads to an increase in G* and this increase is more 
pronounced at higher carrageenan concentrations. At 0.1 % carrageenan G* appears to slowly 
decrease at high starch/SMP ratios, but this decrease is probably not genuine. The isco-
carrageenan plot for the complex modulus of lab-scale desserts showed a similar phenomenon 
arising in a limited chart area and deviating from the behaviour in the main part of the 
experimental region, but was shown to be caused by the model fit through additional 
experiments performed in the area of interest. 
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The influence of the dessert composition on G* is basically similar for lab-scale and sterilized 
desserts, increasing with carrageenan and starch content at the expense of SMP. Also in 
sterilized desserts, starch was found to have a larger contribution to G* than SMP, which is 
probably largely ascribed to the exclusion effect of starch. Starch granules may also act as 
non-interacting rigid fillers reinforcing the carrageenan network, especially since the starch 
used is chemically modified (Lai et al., 1999). Mohammed et al. (1998) studied the co-
gelation of agarose with both native and cross-linked waxy maize starch. At low 
concentrations the obtained mixed gels showed similar G’ values, but above a starch content 
of 3 wt% considerably higher G’ values were obtained with cross-linked starch. These results 
were explained by the larger rigidity of the latter due to the presence of internal cross-links. 
Native maize granules on the other hand are believed to have a greater tendency to self-
association, which is regarded as the reason why native and cross-linked waxy starch provides 
a comparable increase in G’ at concentrations below 3 wt%. 
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Fig. 3.29. Influence of the starch/SMP ratio on the gel strength at different κ-carrageenan 
concentrations 
 
Differences in Tg due to variations in dessert composition did not exceed 2°C, as shown in 
Fig. 3.30. Increasing the κ-carrageenan content led to higher gelation temperatures and this 
increase was more pronounced at lower carrageenan concentrations. This agrees with several 
findings reported in literature (Keogh & Lainé, 1995; Drohan et al., 1997; Tziboula & Horne, 
1999a; Kara et al., 2003). At low κ-carrageenan levels it takes longer to form interhelical 
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cross-links and initiate the aggregation process which leads to gel formation. As a 
consequence, the sharp rise in G’ during cooling will be observed at lower temperatures. At 
elevated concentrations, adding more carrageenan has an influence on the degree of aggregate 
formation but hardly affects the time dependency of interhelical cross-linking. Figure 3.30 
also shows that the substitution of SMP by starch results in an increase in Tg at any 
carrageenan concentration, which is in line with the results obtained for lab-scale desserts. 
  
39
40
41
42
0 0.2 0.4 0.6 0.8 1 1.2
Starch/SMP ratio
Tg
 (°
C
)
0.10 wt% 0.20 wt% 0.30 wt% 0.40 wt% 0.5 wt%
 
Fig. 3.30. Influence of the starch/SMP ratio on the gelation temperature at different κ-carrageenan 
concentrations 
 
5.4.3. Penetration tests 
 
The iso-carrageenan plot for the gel strength, defined as the work for penetration, is shown in 
Fig. 3.31. Increasing the carrageenan concentration leads to higher gel strength values, which 
was expected since carrageenan is the principal gelling agent of the dessert and thus primarily 
responsible for the build-up of the continuous network. Trckova et al. (2004) found an 
increase in fracture strength of a κ-carrageenan milk gel when increasing the carrageenan 
concentration, while Descamps et al. (1986) observed a rise in gel strength of dairy desserts 
containing starch and κ-carrageenan upon substitution of starch by carrageenan. Figure 3.31 
also shows that the substitution of SMP by starch generally leads to a decrease in gel strength. 
This finding corresponds well with a considerable amount of previous studies that 
demonstrated that SMP or other milk fractions increased the gel strength of κ-carrageenan 
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gels while starch on the other hand had a negative effect on the large deformation behaviour 
(de Vries, 2002; Lai et al., 1999; Puvanenthiran et al., 2001, 2003; Trckova et al., 2004; Xu et 
al., 1992).  
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Fig. 3.31. Influence of the starch/SMP ratio on the gel strength at different κ-carrageenan 
concentrations 
 
However, the substitution of SMP by starch was found to result in an increase in the gel 
strength of lab-scale desserts, as shown in Fig. 3.23 (section 5.3.3). Thus, sterilization in the 
Unimix has a negative effect on starch functionality, a beneficial effect on milk protein 
functionality, or both. In fact, sterilization could also decrease the contribution of both starch 
and SMP to the gel strength with a relatively more pronounced effect on starch, as gel 
strength values of sterilized desserts are considerably lower than those of lab-scale desserts 
that were only heated to 90°C. It should also be kept in mind that chemically modified waxy 
maize starch was used in sterilized desserts against native maize starch in lab-scale desserts. 
 
The severe heat treatment applied during the preparation of sterilized desserts could induce 
considerable changes in the protein fraction. Beside the thermal denaturation of the whey 
proteins as such, the well-described interaction between denatured β-lactoglobulin and κ-
casein, located at the periphery of the casein micelles, may particularly affect the influence of 
SMP on the dessert properties. The degree of interaction between β-lactoglobulin and κ-
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casein is difficult to predict as it depends on the time and temperature of heating, the protein 
concentration and the presence of salts (Singh, 1995). However, this complex formation may 
sterically hinder the electrostatic interaction between κ-casein and the sulphate groups of 
carrageenan and thus restrict the participation of casein micelles in the formation of the gel 
network, as suggested by Tziboula & Horne (1999b). On the other hand, Puvanenthiran et al. 
(2001, 2003) concluded that the association of denatured whey proteins with casein micelles 
did not markedly affect the interaction between casein and carrageenan because of the small 
differences observed between the use of low-heat and high-heat milk powder. 
 
Most starch granules in sterilized desserts were found to have a diameter ranging from 40 to 
50 µm, implying that granules were considerably larger than those in lab-scale desserts. This 
means the total volume occupied by starch is larger and thus the exclusion effect is expected 
to be more pronounced. Also the role of starch as a filler reinforcing the gel network would 
logically increase, while the rigidity of the granules may also be higher due to the presence of 
cross-links (Mohammed et al., 1998). However, the presence of largely swollen granules, 
constituting cavities in the carrageenan network, could in fact lead to a weakening of the gel 
network structure itself as it becomes less evenly distributed. Possibly, starch granules 
importantly affect the dessert rigidity when subjected to small shear forces, but are readily 
deformed when placed under large uniaxial forces, thus contributing little to the large 
deformation behaviour of the desserts. This latter would then be mainly determined by the gel 
network, built up by κ-carrageenan and reinforced by milk proteins. This could also explain 
why Lai et al. (1999) observed an increase in G* but a decrease in gel strength upon addition 
of rice starch to a κ-carrageenan gel.  
 
5.4.4. Syneresis 
 
Figure 3.32 shows the iso-carrageenan plot for syneresis, expressed as the percentage of free 
water after centrifugation at 6300 g for 30 min. These centrifugation conditions were much 
more severe than those applied in the determination of syneresis of lab-scale dessert, which 
rules out comparison of the absolute values between the two dessert preparations. However, 
intensifying the centrifugation step was needed in order to obtain measurable quantities of 
separated water, as sterilized desserts were clearly less susceptible to syneresis than lab-scale 
desserts. 
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It can be seen from Fig. 3.32 that a decrease in carrageenan concentration leads to a higher 
degree of syneresis and that this increase is more pronounced at low concentrations. 
Furthermore, the substitution of SMP by starch results in a decrease in syneresis. The use of 
waxy maize starch, implying the absence of amylose, considerably reduces the susceptibility 
for syneresis at increasing starch concentrations. Also, the presence of bulky acetyl groups 
sterically hinders starch molecules to realign and retrograde (Murphy, 2000). Little is known 
about the effect of SMP on the syneresis of κ-carrageenan gels, but the decrease in water 
release when substituting SMP by starch may be caused by the fact that a large amount of 
water is immobilized in starch granules and can therefore not be separated by the contraction 
of the carrageenan network. The decrease in the occurrence of syneresis upon starch addition 
could also be caused by the steric effect of starch granules limiting the ability of the 
carrageenan network to contract. These hypotheses could also explain why Mleko & Gustaw 
(2002) observed a decrease in syneresis when adding increasing amounts of native starch to a 
κ-carrageenan milk gel.  
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Fig. 3.32. Influence of the starch/SMP ratio on syneresis at different κ-carrageenan concentrations 
 
5.4.5. Granule size determination 
 
In contrast to other dessert properties, no satisfactory Scheffé model could be fitted to the D4,3 
obtained for the 18 experimental runs of the mixture design.  Most likely, this was caused by 
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the occurrence of a second size distribution peak overlapping with the starch peak, as 
indicated by the black arrows in Fig. 3.33. Microscopic investigation revealed the presence of 
particles that were smaller than starch granules and coloured red upon addition of a 
Rhodamine B solution. As Rhodamine B is known to selectively adsorb on the protein 
fraction of foods, this observation indicated that the small particles were constituted of, or at 
least contained milk proteins (van de Velde et al., 2002, 2003). Therefore, the second laser 
diffraction peak probably represents aggregated casein micelles formed during heating 
through depletion flocculation. As explained by Schorsch et al. (2000), carrageenan is able to 
deplete casein micelles when present in the random coil configuration above the coil-helix 
transition temperature. Comparing the two size distributions in Fig 3.33 clearly shows that the 
non-starch peak is much more pronounced for higher carrageenan concentrations at a constant 
SMP level, which seems to confirm the assumption of depletion flocculation. 
 
 
Fig. 3.33. Partial overlapping of the starch granule size distribution peak by a second peak appearing 
as a left-side shoulder for desserts composed of 0.05 wt% carrageenan, 5.5 wt% starch, and 5 wt% 
SMP (left) and 0.5 wt% carrageenan, 5.05 wt% starch, and 5 wt% SMP (right) 
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5.5. Pilot-scale desserts 
 
5.5.1. Preliminary tests 
 
5.5.1.1. Dilution 
 
As pointed out in section 4.1.4, an experimental Viscolab run starts with switching from water 
to dessert mix in the feed tank while the feed pump is constantly operating, implying that the 
dessert mix is fed to an installation filled with water. It is not possible to empty the 
installation before introducing the dessert mix as this would result in a complete loss of 
steady-state. Similarly, there is again an immediate switch from dessert mix to water as the 
former has entirely passed the feed pump. This is necessary as most of the product is still 
inside the installation at this point and the feed pump can not run dry. The changeover from 
water to dessert mix and back causes an inevitable, two-sided dilution with important 
implications for the time of sampling and the required batch volume. 
 
A preliminary test based on dry matter determination was performed to quantify the dilution 
of the product. Because different dessert compositions with different process viscosities are 
applied, this test was performed using reconstituted milk as worst-case scenario. Milk 
definitely has a lower viscosity than any dessert prepared and therefore dilution with water 
was expected to be more extensive. Prior to the introduction of the milk a steady-state was 
attained with water, making sure that the temperature profile and homogenization conditions 
applied were similar to those to be used for dairy desserts. Since dairy desserts contain 
varying amounts of starch that swell and develop viscosity during heating, this again points 
out that the dilution effect was expected to be overestimated in the case of milk.  
 
The total volume of the Viscolab, in the configuration shown in Fig. 3.12 (section 4.1.4), was 
estimated to be around 77 l. This number was derived from measurements of the water 
volume in the different components and in the pipes connecting these components. At a flow 
rate of 250 l/h, it thus takes 18.5 min for the product to go from the feed tank to the filling 
unit. A batch of 100 kg of reconstituted milk was prepared and pumped through the 
installation at steady-state. After waiting for 18.5 min or the theoretical time required for the 
milk to reach the filling unit in case no dilution would occur, samples were taken every 
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minute for dry matter determination. This was done during 24 min or the theoretical time 
required for the total amount of milk to pass the filling unit in case no dilution would occur.  
 
In Fig. 3.34, the change in dry matter content of milk was plotted as a function of time, with 
time 0 corresponding to the beginning of sampling or 18.5 min after introducing the milk in 
the feed tank. The dry matter content of the original milk was found to be 7.45 ± 0.06 % and 
used as a reference.  
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Fig. 3.34. Dry matter content of milk as a function of sampling time following passage through the 
Viscolab 
 
Figure 3.34 clearly shows a two-sided dilution effect of water that is however not at all 
dramatic. Following an initial increase the dry matter content reaches a broad plateau region, 
starting after 6 min and extending to a sampling time of 21 min. Within this plateau region the 
average dry matter content was found to be 7.44 ± 0.07 %, which perfectly corresponds with 
that of the original milk prior to passage through the Viscolab. This test thus demonstrates 
that dilution with water occurs, but that it is perfectly possible to take samples with the same 
composition as the original, non-diluted product. Furthermore, the sampling window was 
found to be 15 min, corresponding with as much as 62.5 l of milk. As only small amounts of 
product are required for rheological analysis and granule size determination, this suggested 
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that the batch size could be considerably decreased, also taken into account that dilution was 
expected to be less pronounced for dairy desserts.  
 
A second dilution experiment was carried out, but now with the dairy dessert corresponding to 
the center point of the experimental design. Based on the first dilution experiment and taking 
into account practical considerations, the batch size was reduced to 50 kg. Exactly the same 
approach was followed as in the first dilution experiments, meaning that sampling was started 
18.5 min after the introduction of the dessert mix into the feed tank. Again, the dry matter 
content of samples that were taken each minute was compared to that of the original, 
undiluted dessert mixture, which was found to be 21.88 ± 0.08 %. Figure 3.35 shows the 
change in dry matter content as a function of sampling time and again presents evidence for 
the occurrence of two-sided dilution, although it can be seen that sampling started too late to 
record most dilution data on the front side of the product. This can be partly explained by the 
fact that a density of 1000 kg/m³ was assumed to convert the product from weight units to 
volume units while the exact density was in fact around 1100 kg/m³, resulting in an 
overestimation of the volume and thus of the time required for the product to pass through the 
installation at a volumetric flow rate of 250 l/h.  
 
0.00
5.00
10.00
15.00
20.00
25.00
0 2 4 6 8 10 12
Time (min)
D
ry
 m
at
te
r c
on
te
nt
 (%
)
14
 
Fig. 3.35. Dry matter content of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% carrageenan, and 
2.89 wt% starch, corresponding to the center point of the experimental design, as a function of 
sampling time following passage through the Viscolab 
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However, Fig. 3.35 again shows a clear plateau region stretching out over a period of 5 min 
and with an average dry matter content of 20.59 ± 0.71 %. This level is slightly lower than 
that of the original dessert mix, but may be caused by the occurrence of fouling inside the 
installation. It is well known that UHT sterilization processes are prone to deposition of 
product ingredients, particularly on the surface of heat exchangers, in the corners of pipes, and 
close to seals connecting different components (Lewis & Heppell, 2000; Rapaille & 
Vanhemelrijck, 1992; Tetra Pak, 2003). Fouling is also expected to be more pronounced for a 
viscous dairy dessert with a high solid content than for milk, which is confirmed by the 
amount of residuals removed during subsequent cleaning. 
 
Therefore, and as the dry matter content is found to be practically constant during 5 min of 
sampling, it is very unlikely that the small difference with the reference is caused by dilution. 
It was thus decided to continue working with batch sizes of 50 kg and to use a sampling 
interval of 3 min, located in the center of the plateau region of the dilution test. 
 
5.5.1.2. Pre-heating and homogenization 
 
As indicated in the process scheme in Fig. 3.12 (section 4.1.4), the dessert mixture is first pre-
heated in a tubular heat exchanger before being further heated to 130°C in the scraped surface 
heat exchanger. This pre-heating step is necessary for two reasons. First, it is practically 
impossible to heat up the product in one single step from a refrigerator temperature of around 
8°C to 130°C in the contherm, unless maybe at very low flow rates. Second, a 
homogenization is required in the production of indirect UHT dairy desserts in order to obtain 
an end product with a smooth texture (Rapaille et al., 1988). Ideally carrageenan is already 
dissolved during this homogenization, which thus needs to take place at elevated temperatures 
and as a result implies the use of a pre-heating step. Typically, a dairy dessert is pre-heated to 
70-90°C prior to homogenization (Rapaille & Vanhemelrijck, 1992). This temperature 
especially affects the starch present in the dessert that starts to gelatinize upon heating above a 
certain threshold temperature. Swollen starch granules are much more sensitive to disruption 
by homogenization, during which the granules are subjected to very high shear forces as they 
are forced to pass through a narrow gap. In most cases, starch is intended to be present as 
fully swollen granules in the end product, providing the most optimal texture.  
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In order to find the optimal pre-heating temperature, a set of homogenization tests were 
carried out on the dessert corresponding to the center point of the experimental design. In 
these tests the dessert mix was respectively preheated to 70, 80, and 90°C and subjected to a 
one-stage homogenization at a constant pressure of 50 bar. After heating in the tubular heat 
exchanger to the appropriate pre-heating temperature, samples were taken before and after 
homogenization. The former was possible due to the presence of pipings bypassing the 
homogenizer, while the latter was done by draining the product after passing through the 
homogenizer and not allowing it to continue its way through the contherms and the holding 
cell to the filling unit. Samples were instantly diluted in hot water to prevent gelation upon 
cooling. 
 
A microscopical comparison of starch granules before and after homogenization is shown in 
Fig. 3.36. The first picture indicates that heating to 70°C causes part of the granules to start 
swelling. However, these granules can not withstand the high shear forces and are thus broken 
down during homogenization, as shown in the second picture. Only granules that have not 
initiated significant swelling are observed after homogenization. These findings were 
confirmed by laser diffraction measurements that were used to determine the granule size 
distribution. Due to homogenization, the volume-weighed mean diameter D4,3 was found to 
decrease from 33.14 ± 0.12 µm to 22.05 ± 0.07 µm as the largest, already swollen granules 
disintegrated. Finally, DSC thermograms showed an onset temperature for gelatinization of 
70.61 ± 0.57°C which demonstrates that part of the granules is expected to start swelling upon 
heating to 70°C. The endothermic peak maximum was observed at 74.66 ± 0.34°C, 
suggesting that most of the starch granules were able to survive homogenization.  
 
Pre-heating to higher temperatures logically led to a higher degree of swelling before 
homogenization and an almost complete loss of granular structure after homogenization. 
Therefore, the pre-heating temperature was set at 70°C for all experimental runs. 
 
5.5.2. Oscillatory rheology 
 
Similar to the ingredient replacement study covered in section 5.2.6, pilot-scale desserts were 
only prepared in five different compositions corresponding to the four corners and the center 
point of the experimental mixture design region (Fig. 3.26, section 5.3.6). 
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Fig. 3.36. Microscopical visualization (10x) of a dairy dessert containing 7.39 wt% SMP, 0.27 wt% 
carrageenan, and 2.89 wt% starch, corresponding to the center point of the experimental design, before 
(left) and after (right) homogenization at 70°C 
 
The exact dessert compositions can be found in Table 3.10 (section 5.3.6). The temperature 
profile in the Viscolab was kept constant for all experimental runs and corresponded to that of 
a typical indirect UHT process: pre-heating to 70°C prior to homogenization and further 
heating to 130°C with a holding time of 39s, which is equivalent to a 5F0 process. In 
comparison to a common industrial process, as described by Rapaille & Vanhemelrijck 
(1992), the only deviation is the absence of a holding time after pre-heating, which is not 
allowed by the Viscolab configuration. To investigate the possible effect of the shearing 
action in the scraped-surface heat exchangers on the dessert properties, two different shear 
conditions were applied. Therefore, the frequency of the contherm motor driving the rotation 
of the central shaft was set at 10 Hz, resulting in a revolution speed of 70 rpm, and at 50 Hz, 
equivalent with 350 rpm. Out of practical considerations experiments were only performed in 
2-fold. 
 
After production the hot dessert mixtures were immediately transferred to the rheometer and 
allowed to cool down under constant oscillation. The obtained rheological oscillation 
parameters are given in Table 3.13 and significant differences between the five examined 
dessert compositions are indicated. With respect to G*, the observed trends agree with those 
found for lab-scale and sterilized desserts. Results again show that an increase in carrageenan 
level leads to higher G* values, as for the substitution of SMP by starch at a constant 
carrageenan concentration. Raising the carrageenan concentration increased the Tg of the 
dairy desserts, which was also true for the other dessert preparations.  
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Table 3.13. Values of Tg, G*, and δ  together with the standard deviation between brackets for the 
pilot-scale tests at a contherm frequency of 10 and 50 Hz, respectively (column values with a different 
letter in superscript are significantly different at p<0.05) 
  10 Hz   50 Hz  
Composition Tg (°C) G* (Pa) δ (°) Tg (°C) G* (Pa) δ (°) 
1 42.7A,B 
(0.2) 
507.4A 
(40.8) 
6.3A 
(0.3) 
40.4A 
(2.9) 
264.8A 
(49.1) 
6.9A 
(0.1) 
2 41.7A 
(1.7) 
93.0A 
(24.2) 
4.2B 
(0.2) 
41.3A,B 
(0.3) 
73.8A 
(15.0) 
4.1B 
(0.1) 
3 45.4B 
(1.8) 
6370.6B 
(432.7) 
6.7A 
(0.1) 
45.1B,C 
(0.4) 
5318.1C 
(1112.3) 
6.7A 
(0.1) 
4 43.5A,B 
(1.1) 
1211.0C 
(148.8) 
7.4A 
(1.0) 
46.3C 
(1.2) 
2501.7B 
(141.8) 
5.9A 
(0.1) 
5 44.4A,B 
(0.7) 
1648.8C 
(234.0) 
9.6C 
(0.1) 
42.7A,B,C 
(0.2) 
1359.1A,B 
(513.8) 
11.8C 
(3.4) 
 
Although not significant, increasing the starch content at the expense of SMP at a contherm 
frequency of 10 Hz resulted in higher Tg values, which is again consistent with the exclusion 
effect of starch. However, at a frequency of 50 Hz the Tg appears to decrease when 
substituting SMP by starch, which may be an indication of starch granule disintegration due to 
the intense scraping action in the contherm. The lowest phase angle values are the ones 
obtained for composition 2, which is surprising because at lab-scale desserts with the same 
composition showed by far the highest δ values. Furthermore composition 5 is characterized 
by a significantly higher phase angle than the other dessert compositions, which was again not 
the case at lab-scale. 
 
 Figure 3.37 shows the comparison of the complex modulus of desserts prepared at a 
contherm frequency of 10 and 50 Hz, respectively. Due to the fact that standard deviations are 
quite high and that experiments were only carried out in two-fold, a significant difference was 
only found for composition 1 and 4 (p<0.05). However, results seem to indicate that shearing 
in the scraped-surface heat exchangers mainly affects the starch granules of the dessert. For 
desserts containing the maximum of 5.5 wt% starch, i.e. composition 1 and 3, lower G* 
values were obtained at 50 Hz than at 10 Hz. The same trend is also observed for composition 
5, being the center point of the mixture design and thus having an intermediate starch 
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concentration of 2.89 wt%. These findings seem to point out that starch granules are likely to 
be damaged when subjected to high rotation speeds and thus high shear forces in the 
contherms. Although the magnitude of these forces is considerably less when compared to 
shearing in a high-pressure homogenizer, starch granules are expected to be completely 
swollen upon heating to 130°C which makes them more sensitive for shear destruction. As 
indicated by Nadison (1995), shear disruption of starch granules liberates the previously 
immobilized water and may have a considerable effect on the final texture, although the 
application of mechanical energy was also shown to complete the pasting of undercooked 
starch. Loss of granular structure would result in a decrease of the exclusion effect of starch as 
well as a decrease in its role as network filler and could be the explanation for the observed 
decrease in G*.  
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Fig. 3.37. Comparison of G* values for the five compositions of pilot-scale desserts prepared at a 
contherm frequency of 10 and 50 Hz, respectively 
 
Much more difficult to explain is the significant increase in the G* of composition 4 at 50 Hz. 
Desserts of composition 4 are characterized by the maximal carrageenan and SMP content 
and thus the minimal level of starch, implying that the observed increase is likely to be caused 
by the former two components. However, little or no scientific literature is available on the 
possible effect of shear on the structure of carrageenan, casein micelles, or denatured whey 
proteins. Moreover, as dessert mixtures are passing through the contherms at temperatures 
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between 70 and 130°C which is well above the coil-helix transition temperature of κ-
carrageenan, this seems to rule out that shearing influences the electrostatic interaction with 
κ-casein that only occurs when carrageenan is present in its helical form. One possible 
explanation could be that the complexation of κ-casein by denatured β-lactoglobulin 
molecules may be hindered by the action of high shear forces. If this would be true, shearing 
could increase the availability of κ-casein to interact with carrageenan and thus allow casein 
micelles to participate in network formation. Oldfield et al. (1998) studied the kinetics of 
whey protein denaturation and subsequent aggregation in a direct UHT pilot plant. As milk 
was heated by steam injection to 120°C, the loss of monomeric whey protein following a 
heating time of 50 s was around 90 % for β-lactoglobulin and 40 % for α-lactalbumin. 
Thermal denaturation of β-lactoglobulin was almost immediately followed by aggregation 
through the formation of disulphide linkages, resulting in the formation of both β-
lactoglobulin/κ-casein and β-lactoglobulin/β-lactoglobulin complexes. However, 
Puvanenthiran et al. (2001, 2003) concluded that the association of denatured whey proteins 
with casein micelles did not markedly affect the interaction between casein and carrageenan 
because of the small differences observed between the use of low-heat and high-heat milk 
powder. Tziboula & Horne (1999b) did suggest that whey protein interaction with casein 
micelles reduced their ability to interact with κ-carrageenan, but reported that this actually 
results in an increase in G*. According to these authors, binding of carrageenan with casein 
micelles would limit its availability for network formation. It must however be stressed that 
the applied carrageenan concentration was only 0.02 wt%, which is well below the 
concentration range in this research. 
 
No significant influence of frequency was demonstrated with respect to the gelation 
temperature and phase angle of the different desserts. However, the most striking differences 
in Tg coincide with the significant differences observed for G*. The combination of a low 
carrageenan and high starch content in composition 1 results in a decrease in Tg with 
increasing frequency, which could again be explained by a more extensive degradation of 
starch granules at 50 Hz. Swollen granules concentrate carrageenan molecules in the 
continuous water phase of the dessert, thus favouring aggregation upon cooling. A decrease of 
the volume fraction occupied by starch granules lowers this concentration effect and therefore 
leads to a decrease in gelation temperature. On the other hand, Tg shows a considerable 
increase with frequency for composition 4, which is probably due to the same phenomenon 
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that causes G* to increase. At 50 Hz possibly a smaller proportion of whey proteins is bound 
to the casein micelles resulting in an increased phase separation effect between unbound whey 
proteins and carrageenan. 
 
5.5.3. Penetration tests 
 
The gel strength values, obtained by a penetration test performed the day after dessert 
preparation, are shown in Table 3.14. While it is clear that higher gel strengths are found at 
higher carrageenan concentrations, the effect of the substitution of SMP by starch seems to 
depend on the carrageenan content of the UHT desserts. 
 
Table 3.14. Values of gel strength and D4,3 together with the standard deviation between brackets for 
the pilot-scale tests at a contherm frequency of 10 and 50 Hz, respectively (column values with a 
different letter in superscript are significantly different at p<0.05) 
 10 Hz 50 Hz 
Composition Gel strength 
(mJ) 
D4,3 (µm) Gel strength 
(mJ) 
D4,3 (µm) 
1 2.3A 
(0.2) 
- 2.2A 
(0.2) 
42.9A 
(4.0) 
2 0.7B 
(0.1) 
- 0.6B 
(0.2) 
40.4A 
(4.4) 
3 15.5C 
(0.8) 
- 14.8C 
(1.0) 
50.3A 
(1.4) 
4 32.5D 
(2.2) 
- 26.2D 
(3.2) 
41.7A 
(12.6) 
5 7.6E 
(0.3) 
- 8.6E 
(0.8) 
46.4A 
(6.4) 
 
__________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
At 0.05 wt% carrageenan, the dessert with the maximum amount of starch (composition 1) 
has a higher gel strength than that with the maximum of SMP (composition 2), while the 
opposite is true at 0.5 wt% carrageenan (composition 3 and 4). Although less pronounced, 
these effects already seemed to be present for sterilized desserts, as shown from the iso-
carrageenan plot in Fig. 3.31 (section 5.4.3). These findings seem to point out that the relative 
importance of the starch exclusion effect, raising the effective concentration of carrageenan 
and leading to an increase in gel strength, and the presence of swollen starch granules, 
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presenting cavities in the gel network and weakening the mechanical strength under large 
deformation, depends on the carrageenan concentration. The former appears to dominate at 
low carrageenan content, the latter at high carrageenan levels. 
 
The influence of the applied contherm frequency on the gel strength of the desserts is shown 
in Fig. 3.38 for the five different compositions. Increasing the frequency from 10 to 50 Hz 
hardly had an effect on the gel strength of composition 1 to 3, while a significant decrease 
was found for composition 4 containing the maximum amount of carrageenan and the 
minimum amount of starch. On the contrary, the gel strength was found to be significantly 
higher at 50 Hz for composition 5 or the center point of the mixture design. It was already 
assumed that swollen starch granules are more easily damaged by the higher shear forces 
involved with the scraping action at 50 Hz. As starch granules, regarded as structural entities, 
appear to contribute little to the gel strength of the desserts and may actually weaken the gel 
network representing large cavities, the higher gel strength at 50 Hz in the case of 
composition 5 seems expected. 
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Fig. 3.38. Comparison of gel strength values of the five compositions of pilot-scale desserts prepared 
at a contherm frequency of 10 and 50 Hz, respectively 
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5.5.4. Granule size determination 
 
D4,3 values of the starch granules were only obtained for Viscolab experiments carried out at a 
contherm frequency of 50 Hz. Size data at 10 Hz could not be used due to the presence of gel 
particles that overlapped in size with starch granules, probably as a result of dessert dilution in 
water that was not hot enough. However, also the granule sizes obtained at 50 Hz did not 
yield much information as they exhibited large variations and did not show any significant 
differences in function of dessert composition. The observed trends however seem logical as 
in desserts with low starch levels (composition 2 and 4) granules are expected to swell to a 
larger extent but therefore become more vulnerable to shear degradation and thus in the end 
result in lower mean diameters. 
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6. Conclusions 
 
The structure build-up of dairy desserts, providing a specific texture, appears to be very 
complex, involving different phenomena between κ-carrageenan, starch, and milk proteins. 
The relative importance of each phenomenon with regard to the rheological properties is 
determined by both the composition and the process conditions applied in dessert preparation. 
The well described specific interaction between κ-carrageenan and casein micelles has been 
shown to have a decisive influence on the dessert texture. Results seem to indicate that the 
presence of a certain amount of casein micelles, possibly depending on the carrageenan 
content, importantly increases the complex modulus and the gel strength, although it remains 
unclear whether in they act as bridges between carrageenan helices or as reinforcing fillers 
enhancing the mechanical strength of the carrageenan gel. The main role of whey proteins in 
dairy desserts probably consists in their complexation with casein micelles following heat 
denaturation. Some evidence was found for the occurrence of a certain phase separation 
between individual whey proteins and carrageenan, but this phenomenon seemed to be 
relatively insignificant with respect to the dessert properties with the exception of the gelation 
temperature that was found to increase. The functionality of starch in dairy desserts can be 
split up in different effects. Upon gelatinization starch granules absorb large quantities of 
water and occupy a considerable volume, thereby concentrating the other components in the 
continuous water phase. Next to this excluded volume effect, starch granules act as fillers in 
the cavities of the gel network, while amylose leaking out of native starch granules may also 
affect the dessert properties.  
 
Scientific literature shows an important lack of studies dealing with the behaviour of mixtures 
of carrageenan, starch, and/or milk components subjected to elevated temperatures. In fact, to 
our knowledge this research is the very first one studying these systems at temperatures above 
100°C, although sterilized and especially UHT desserts dominate the dairy dessert market. 
Comparison of the results obtained for different dessert manufacturing conditions shows that 
the application of more severe heat treatments enlarges the difference between the small and 
large deformation rheological behaviour of the desserts. Starch granules seem to considerably 
contribute to the dessert rigidity when subjected to small shear forces, an effect that is 
probably enhanced by the presence of cross-links in chemically modified starches. On the 
other hand, they appear to contribute little to the gel strength as determined by a large 
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deformation uniaxial penetration test. The gel strength would then be mainly governed by the 
gel network itself, consisting of aggregated carrageenan helices and included casein micelles. 
It even seems like swollen starch granules, occupying a sufficiently large volume and forming 
gel cavities, are actually capable of weakening the carrageenan/casein network. The 
application of more intense heat treatments results in more extensive whey protein 
denaturation and subsequent complexation with casein micelles, which could enhance the 
contribution of SMP to the rheological properties. The degree of shearing during an indirect 
UHT treatment seems to mainly influence the starch granules, the degradation of which is 
more pronounced at high shear, but may also affect the binding of denatured β-lactoglobulin 
with κ-casein and as a consequence the interaction between carrageenan and casein micelles 
during subsequent cooling.  
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CHAPTER 4: INFLUENCE OF κ-CARRAGEENAN ON THE 
THERMAL GELATION OF MYOFIBRILLAR MEAT PROTEINS 
 
1. INTRODUCTION 
 
Muscle proteins comprise 15-22% of the total muscle weight and can be divided into three 
groups, based on their solubility characteristics (Nakai & Li-Chan, 1988; Zayas, 1997): 
 
• proteins which are soluble in water or dilute salt solutions or the sarcoplasmatic 
fraction 
• proteins which are soluble in more concentrated salt solutions or the myofibrillar 
fraction 
• proteins which are insoluble even in solutions of high salt concentration or the stromal 
fraction 
 
Of these three groups myofibrillar proteins play the most critical role during meat processing 
as this fraction is responsible for the structure build-up and the resulting texture of meat 
products (Culioli et al., 1993; Xiong, 1997; Zayas, 1997). The functionality of myofibrillar 
proteins is based on their ability to form three-dimensional, viscoelastic gels, bind water, and 
form cohesive membranes at the oil/water interface of emulsions or flexible films around air 
bubbles. 
 
Because of their ability to form gels and retain water, carrageenans are often used as texture 
modifier in gelled meat products, where they serve many specific purposes. During heat 
treatments water will often escape from the meat, resulting in purge. The diffused water and 
extracted meat proteins may appear on the surface as an undesirable jelly-like substance. 
Addition of carrageenan to cooked meats reduces these cooking losses and prevents the 
occurrence of the unwanted gelled surface layer (Jensen et al., 1995). Due to its ability to 
form a continuous gel network, carrageenan is also able to provide consistency to meat 
products, which in turn influences the slicing properties. Further effects ascribed to the 
addition of carrageen include an increase in yield, moisture retention, mouthfeel, and juiciness 
and a decrease in fat content and slicing loss (Imeson, 2000; Therkelsen, 1993; Trius & 
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Sebranek, 1996). Carrageenan can be added to meat products as a dry powder, but often it is 
incorporated with the brine. It is important to make sure that carrageenan does not dissolve in 
the brine as the resulting increase in viscosity would make it impossible to inject the brine 
into the meat (Jensen et al., 1995). To achieve this, carrageenan is normally dispersed in the 
brine after the dissolution of salts and phosphates, as the high ionic strength decreases the 
cold solubility of carrageenan (Trius & Sebranek, 1996). Only during cooking carrageenan 
will swell, dissolve and finally gel upon subsequent cooling. 
 
The objective of this research was to study the influence of κ-carrageenan on the rheological 
and water-holding properties of myofibrillar meat gels. Furthermore, the specific role of both 
carrageenan and meat proteins in the structure build-up of the gels was investigated as there is 
no agreement in literature whether myofibrillar proteins or carrageenan or both constitute the 
continuous gel network in gelled meat products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_____________________________ 
Parts of this chapter are published in: 
 
VERBEKEN, D., NEIRINCK, N., VAN DER MEEREN, P. & DEWETTINCK, K. (2005). 
Influence of κ-carrageenan on the thermal gelation of myofibrillar meat proteins. Meat 
Science, 70(1), 161-166. 
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2. MYOFIBRILLAR PROTEINS 
 
Myofibrillar proteins are the main constituents of the myofibrils and account for 55-60% of 
the total protein in muscle. Based on their physiological and structural roles in living tissues, 
three groups of myofibrillar proteins can be distinguished: (Xiong, 1997): 
 
• the major contractile proteins which form the backbone of the myofibril and are 
responsible for muscle contraction 
• regulatory proteins which play an important role in controlling muscle contraction and 
relaxation 
• cytoskeletal proteins which provide structural support  
 
In food processing the application of heat triggers the technological functionality of the 
myofibrillar proteins which often play an important structural role in food products. Being the 
quantitatively most significant myofibrillar proteins, the contractile proteins myosin and actin 
are believed to act as the major determinants of muscle protein functionality (Nakai & Li-
Chan, 1988; Vega-Warner et al., 1999; Wang & Smith, 1992). 
 
2.1. Myofibrils 
 
In muscle tissue myofibrillar proteins are organized in myofibrils, which are the basic 
structural units for muscle contraction and relaxation in living animals and account for 80% of 
the muscle cell volume (Varnam & Sutherland, 1995). Myofibrils are long, thin, roughly 
cylindrical rods. The ultrastructure of a myofibril is shown in Fig. 4.1. The portion of the 
myofibril between adjacent Z-disks, also referred to as Z-lines, is called a sarcomere. This is 
the myofibril repeating structural unit and consists of an A-band and two half I-bands. 
Myofibrils are composed of two types of myofilaments which are arranged in overlapping 
arrays forming a repeating pattern. Thick filaments make up the A-band of the sarcomere and 
are mainly composed of myosin. Actin is the principal component of the thin filaments, which 
constitute the I-bands of the sarcomere but also extend beyond the I-bands, overlapping the A-
band to a certain extent. The amount of overlap between thick and thin myofilaments can vary 
from very small at a relaxed state up to 50% in a heavily contracted state.  
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Fig. 4.1. Filament structure of muscle myofibrils (From Xiong, 1997) 
 
This degree of overlapping affects the tenderness of the meat, but also influences hydration of 
the myofibril, extraction of myofibrillar proteins, water-holding capacity, and juiciness 
(Xiong, 1997). 
 
2.2. Contractile proteins 
 
2.2.1. Myosin 
 
Myosin is the most abundant myofibrillar protein, making up about 45% of the total protein in 
mammalian and avian skeletal myofibrils (Lawrie, 1991). It has a molecular weight of about 
500 kDa and a highly asymmetric structure composed of two globular heads attached to a rod-
like tail, as shown in Fig. 4.2. Myosin consists of six subunits: two large polypeptide units of 
about 200 kDa or the heavy chains and four small polypeptide units of 16 to 25 kDa or the 
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light chains (Nakai & Li-Chan, 1988; Wang & Smith, 1994a). The two heavy chains have a 
predominantly α-helix conformation and are winded around each other, forming the tail of the 
molecule. However, a proportion of each heavy chain folds separately to form a pear-shaped 
globular head. Each of those heads contains one actin-binding site and one ATP-binding site 
and possesses ATPase activity, while the tail accounts for the formation of the thick filament 
backbone (Xiong, 1994). The light chains are located in the head region and include two 
alkali light chains and two identical DTNB light chains (Fig. 4.2). The former are released 
from native myosin after treatment with alkali, the latter after treatment with 5,5’-dithiobis(2-
nitrobenzoic acid) or DTNB (Lawrie, 1991).  
 
The helical part of myosin contains two hinge points which provide flexibility to bind with 
actin during contraction. These hinge points are susceptible to cleavage as a result of 
proteolytic enzyme action (Xiong, 1997). A treatment with trypsin cuts myosin in two 
fragments called light meromyosin (LMM), a portion of the tail, and heavy meromyosin 
(HMM), consisting of part of the tail and the head. Treatment of HMM with papain results in 
a further break up into two subfragments: S1, containing the globular head, and S2, containing 
the rod portion.  
 
2.2.2. Actin 
 
Actin is the second most occurring myofibrillar protein, constituting about 20% of the total 
myofibrillar proteins (Lawrie, 1991). It exists either as a globular monomer (G-actin) or as a 
fibrous polymer (F-actin), depending on the environmental conditions. The monomeric G-
actin is a roughly spherical protein with a molecular weight of around 43 kDa and a binding 
site for ATP and a divalent cation. At physiological salt and ATP concentrations it 
polymerizes into F-actin which has a double-stranded helical structure (Wang & Smith, 
1994b). It is the F-actin that associates with myosin to form temporary complexes during 
muscle contraction or permanent myosin-actin complexes during rigor mortis development in 
post-mortem meat.  
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Fig. 4.2. Schematic representation of the myosin molecule (Adapted from Wang & Smith, 1994b) 
 
2.2.3. Actomyosin 
 
Actomyosin is a protein complex that originates from muscle contraction and as such not an 
indigenous constituent of the myofibrils (Xiong, 1997). It is permanently formed after death 
due to the irreversible cross-linking of myosin and actin as ATP is depleted and causes the 
occurrence of rigor mortis or muscle stiffness (Faustman, 1994). Myosin and actin are held 
together by non-covalent bonds of which electrostatic interactions through phosphorous 
groups are believed to play a major role, but can be easily separated by ATP or at high ionic 
strengths.  
 
2.3. Regulatory proteins 
 
Regulatory proteins comprise about 18% of the myofibrillar proteins (Asghar et al., 1985). 
The major regulatory proteins are tropomyosin and troponin which are located on the thin 
filaments of the myofibrils. They sterically block the myosin-binding site on the actin 
filaments during muscle relaxation, but are displaced upon contraction, thus allowing myosin 
to bind with actin. The myofibrils also contain a number of minor regulatory proteins, many 
of which are present in very low quantities. They are distributed in different parts of the 
myofilaments and believed to be concerned with the regulation of the filamentous structure of 
the myofibrils, although the precise function of many of them is not fully understood. Even 
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less is known about their possible contribution to the technological functionality of 
myofibrillar proteins in processed muscle foods (Xiong, 1997). 
 
2.4. Cytoskeletal proteins 
 
Cytoskeletal proteins are present in the so-called intermediate filaments, a three-dimensional 
filamentous network that connects most of the cytoplasmatic structures (Wolosewick & 
Porter, 1979). The intermediate filaments bind the thick filaments to the Z-line and also 
appear to connect the thin filaments on either side of the Z-line (Asghar et al., 1985). The 
cytoskeletal proteins thus seem to strengthen and stabilize the myofibrillar structure and are 
therefore also called scaffold proteins. The main cytoskeletal protein titin is the third most 
abundant myofibrillar protein accounting for 8-10% of the total myofibrillar protein (Xiong, 
1997). The contribution of titin to meat toughness is the subject of debate but not yet cleared 
up.  
 
2.5. Myofibrillar changes during meat processing 
 
In their native configuration myofibrillar proteins do not show any significant functionality. 
Subjection to external factors during processing is therefore required to induce their 
functional characteristics (Foegeding, 1988). The application of shear and particularly heat 
represents an energy input that can cause important conformational changes allowing the 
development of protein functionality (Pearson & Tauber, 1984; Xiong, 1997). The same 
effects can be achieved by altering the physical and chemical environment, for instance via 
changing the pH or adding salts. Finally, the functional characteristics of myofibrillar proteins 
are also considerably influenced by the presence of other ingredients or additives. 
 
2.5.1. Myofibril dissociation 
 
In meat processing typically 2-3% salt, most commonly NaCl, is incorporated in the product 
formulation (Claus et al., 1994). Besides adding or enhancing the flavour and extending the 
shelf life of the product, salt induces important changes in the myofibrils (Egelandsdal et al., 
1994; Xiong, 1997; Xiong & Brekke, 1989): 
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• swelling of myofibrils as a result of charge repulsion between myofilaments 
• depolymerization of myofilaments 
• disintegration of the myofibrillar structure leading to the extraction of myosin, actin, 
and actomyosin among other, technologically less relevant constituents  
 
The collapse of the myofibrillar structure is promoted by mechanical action like comminution, 
mixing, tumbling, and massaging (Fernandez-Martin et al., 2002). Furthermore, the presence 
of certain additives may importantly affect the disintegration process. Particularly phosphates, 
which are widely used in the meat industry, are known to facilitate myofibrillar breakdown 
(Jensen et al., 1995; Pearson & Tauber, 1984). They stimulate myofibril swelling and 
disengagement of the thick and thin filaments and thus work synergistically with salt to 
extract myofibrillar proteins (Claus et al., 1994). 
 
2.5.2. Thermal denaturation 
 
Upon heating myofibrillar proteins undergo considerable conformational changes that play a 
key role in the development of their functional characteristics (Foegeding, 1988). These 
changes involve the unfolding or denaturation of the protein molecule, which has been 
defined as a process in which the spatial arrangement of polypeptide chains within the 
molecule is changed from that typical of the native protein to a more disordered arrangement 
(Boyce et al., 1997). Denaturation results in the exposure of functional groups that were 
previously hidden in the folded, globular protein structure and thus induces protein 
functionality.  
 
As unfolding is an endothermic process, the energy absorbed by the proteins can be measured. 
Differential scanning calorimetry (DSC) is one of the main techniques used to study the 
thermal denaturation of meat proteins (Foegeding, 1988; Harwalkar & Ma, 1996; Wagner & 
Añon, 1985; Xiong & Brekke, 1990b). The DSC thermogram of a myofibrillar protein extract, 
represented in Fig. 4.3, clearly shows two denaturation peaks corresponding with myosin and 
actin respectively. 
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Fig. 4.3. DSC thermogram of a myofibrillar protein extract obtained from chicken breast showing the 
thermal denaturation of myosin and actin (heating rate = 20°C/min) 
 
2.5.3. Protein aggregation 
 
During the thermal processing of meat protein aggregation results from interactions between 
protein molecules through reactive groups or amino acid side chains that are exposed upon 
protein denaturation (Xiong, 1997). It is a first and necessary step in the formation of certain 
structural components such as gels and interfacial layers that stabilize emulsions and foams 
(Xiong & Blanchard, 1994). Protein aggregates are held together by the same type of forces 
that maintain the native protein structure, although the relative contribution of electrostatic 
interactions, hydrogen bonding, hydrophobic interactions, and disulphide bonds is altered. As 
denaturation of globular proteins particularly exposes hydrophobic groups, hydrophobic 
interactions are favoured and regarded as the main driving force for subsequent association. 
Heat-induced protein aggregation is usually an irreversible process, meaning that the 
aggregates cannot be broken down by physical means.  
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2.6. Functional properties 
 
2.6.1. Solubility 
 
As most functional properties of myofibrillar proteins are closely related to protein solubility, 
the latter is of primary importance for the manufacture of processed meat products. Protein 
solubility is for instance a prerequisite step for emulsification, gelation, and water retention 
(Xiong, 1994). It can be defined as the percentage of total protein that goes into solution 
under specified conditions and that is non-sedimentable by a specified centrifugal force 
(Zayas, 1997). Since no standardized method exists for the determination of protein solubility, 
the term solubility is an operational definition, depending on test conditions like protein 
concentration, applied centrifugal force, and centrifugation time. In meat science literature, 
solubility and extractability are often used as synonyms, presuming that once the protein is 
dissolved, it can readily be extracted from the myofibrils in case a proper extraction medium 
is used. 
 
Myofibrillar proteins are often referred to as salt-soluble meat proteins due to the fact that salt 
solutions with a minimal ionic strength of 0.5 M are required for their extraction (Offer & 
Trinick, 1983; Xiong, 1993). As these conditions are usually met in processed meats, protein 
solubilization and extraction takes place and results in the desired product functionalities. 
However, around 10 years ago some studies reported that most myofibrillar proteins are also 
soluble in water or very dilute salt solutions (Stanley et al., 1994; Stefansson & Hultin, 1994; 
Stone & Stanley, 1994). The presence of a tiny amount of salt was found to be sufficient to 
increase the protein surface charges, leading to increased protein-water interactions. 
 
The main factors determining the solubility and extractability of myofibrillar proteins appear 
to be certain constraints that prevent the myofibrils from dissociating (Xiong, 1997). In the 
first place these factors are believed to be the cross-linking of myosin and actin taking place 
in post-rigor meat and the presence of some regulatory and cytoskeletal proteins operating as 
structural features that maintain myofibril integrity (Offer & Trinick, 1983; Xiong, 1997). 
From this perspective protein extraction can be realized by means that disrupt these physical 
constraints and thus allow the dissocation of the myofibrils. 
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In meat processing disruption of the myofibrillar structure is usually achieved by the addition 
of salt and phosphates, an increase in pH, and a prolonged mixing and tumbling time 
(Samejima et al., 1985; Wang & Smith, 1992; Xiong, 1992, 1997; Zayas, 1997). Particularly 
pyrophosphate and tripolyphosphate, which is believed to be hydrolyzed to pyrophosphate 
before it becomes active and thus behaves similarly, have a pronounced effect on protein 
extraction (Xiong, 2005). It seems like pyrophosphate behaves like ATP, whose hydrolysis 
leads to the dissociation of actomyosin and thus to the separation of thick and thin filaments 
during muscle relaxation (Asghar, 1985; Jensen et al., 1995). Pyrophosphate seems to 
associate to the same binding sites to disrupt the actomyosin complex during meat processing.  
 
2.6.2. Emulsification 
 
Comminuted meat products typically contain fat particles with a size ranging from 1 to 50 µm 
and can therefore be classified as macroemulsions. However, comminuted meats are strictly 
spoken no true emulsions and are often referred to as meat batters or meat suspensions 
(Asghar, 1985; Xiong, 1997). They are always multiphase systems in which both the 
continuous and the dispersed phase have a complex, multicomponent character. Nevertheless, 
the ability of proteins to emulsify fat in comminuted meats is of great importance. 
 
Myofibrillar proteins are by far the most important meat proteins constituting the interfacial 
films that surround and stabilize fat particles and oil droplets in meat batters (Lan et al., 1993; 
Nakai & Li-Chan, 1988). Galluzzo & Regenstein (1978a) determined the emulsifying 
capacity of the individual myofibrillar proteins extracted from chicken breast at a 
concentration of 5 mg/ml in a 0.6 M NaCl solution and found that the emulsifying capacity 
followed the order of myosin > actomyosin > actin. They also noticed that myosin was rapidly 
and preferentially adsorbed at the fat/water interface during emulsification, again followed by 
actomyosin and actin. The superior emulsifying properties of myosin are believed to be the 
result of the concentration of hydrophobic residues in the head region and of hydrophilic 
groups in the tail region and of the high length-to-diameter ratio promoting protein-protein 
interaction and molecular flexibility at the interface (Xiong, 1997). However, when the 
protein concentration was increased the emulsifying capacities of the different proteins 
dropped and became equal at a concentration of 12 mg/ml (Tsai et al., 1972). The higher 
emulsifying capacity at lower protein concentrations may be explained by a greater degree of 
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protein unfolding resulting in the occupation of a larger interfacial area and thus improved 
emulsifying properties (Borderias et al., 1985). Furthermore, it was observed that the 
emulsifying capacity of actomyosin at 5 mg/ml could be raised to the level of myosin upon 
addition of ATP or pyrophosphate (Galluzzo & Regenstein, 1978b). 
 
2.6.3. Water binding 
 
The ability of proteins to bind water and fat and retain them during heating and storage is 
essential in the manufacture of processed meats. These water and fat binding properties 
largely determine the cooking yield, but also have a considerable influence on the sensorial 
properties which represent an important aspect of the final product quality and thus of 
consumer acceptance (Nakai & Li-Chan, 1988). Together with tenderness, juiciness of meat is 
considered to be the most important quality attribute of meat products by the consumers 
(Xiong, 2005). 
 
The water present in meat can be divided into bound and free water. Bound water is 
associated with the hydrophilic groups of proteins and accounts for 8 to 10% of the total water 
(Nakai & Li-Chan, 1988). Free water on the other hand is held by capillary forces and surface 
tension and largely depends on protein structure. It is clear that the water content of meat 
products is predominantly affected by the amount of free water that can be retained during 
processing. 
 
Because of their structural organization and quantitative predominance myofibrillar proteins 
are responsible for most of the water binding in meat. The three-dimensional filament 
network in myofibrils provides voids that are suited for water to be immobilized (Zayas, 
1997). This implies that factors that can change the interfilamental spacing directly influence 
the water holding capacity of meat. Increasing the electrostatic charges, which can be done by 
adding salt or moving the pH further away from the protein isoelectric point, enlarges the 
repulsive forces between myofilaments and induces myofibril swelling, thus resulting in an 
increased water retention (Samejima et al., 1985; Xiong, 1997). Cross-linking of myosin and 
actin on the other hand is thought to constrain myofibril swelling and thus reduces the water 
holding capacity of meat (Offer & Trinick, 1983). Similarly, some regulatory and cytoskeletal 
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proteins, presenting structural myofibril constraints, may limit the immobilization of free 
water in meat.  
 
Heating of meat can cause important structural changes like denaturation and subsequent 
aggregation of myofibrillar proteins, shrinkage of the myofibrils, and as a consequence a 
tightening of the microstructure (Zayas, 1997). The extent of this tightening and thus the 
decrease in water holding capacity depends on the temperature and duration of the applied 
heat treatment. 
 
2.6.4. Gelation 
 
It is generally accepted that protein gelation is largely responsible for the stabilization of fat 
and water in comminuted meat products and for binding meat pieces together in sectioned and 
formed products (Cofrades et al., 1997; Hamann, 1988; Katsaras & Budras, 1993; Ziegler & 
Acton, 1984). The texture of these meat products, being one of the most important 
determinants of consumer acceptance, is primarily the result of the protein gel network that is 
formed upon processing (Lavelle & Foegeding, 1993). Myofibrillar proteins are considered as 
the key components in gelled meat products. More specifically, the binding properties of 
processed meat products are mainly governed by the gelling behaviour of myosin (Boyer et 
al., 1996; Ishioroshi et al., 1981). Gelation of myofibrillar proteins requires ionic strengths 
greater than 0.5 which is typically achieved upon addition of 2-3% salt. As solubility is the 
key factor governing gelation, the environmental conditions have to assure that myofibrillar 
proteins are dissolved (Xiong, 1994). As explained before salt induces myofibril dissociation 
and produces an extract that is comprised of sarcoplasmatic proteins and myofibrillar 
components, including some intact myofibrils, the actomyosin complex, and individual 
proteins like the contractile proteins myosin and actin and the regulatory proteins tropomyosin 
and troponin (Xiong & Brekke, 1990a). 
 
Myofibrillar protein gelation is a process that requires heat since thermal denaturation and 
subsequent aggregation is a prerequisite for the formation of a three-dimensional gel network 
(Smith et al., 1988; Xiong & Blanchard, 1994; Zayas, 1997). A generalized scheme for 
thermal gelation is shown in Fig. 4.4. As described by Ziegler & Acton (1984), the different 
myofibrillar proteins undergo major conformational changes upon heating.  
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Fig. 4.4. Schematic overview of the thermal gelation process of myofibrillar proteins (Adapted from 
Foegeding & Hamann, 1992) 
 
Around 38°C F-actin, that has a double-stranded helical structure, dissociates into single 
chains. The myosin light chains disconnect from the heavy chains at approximately 40°C, 
inducing conformational changes in the head and hinge region of the myosin molecules. 
Around 50°C the actomyosin complex dissociates, followed by a helix-coil transition of the 
light meromyosin chains in the temperature range between 50 and 55°C. 
 
A typical rheological gelation curve of chicken myofibrillar proteins is displayed in Fig. 4.5 
(Autio & Mietsch, 1990; Egelandsdal & Martinsen, 1995; Wang et al., 1990; Xiong, 1993, 
1994, 1997; Xiong & Blanchard, 1994; Young et al., 1992). The gelation process is described 
using three oscillation parameters: the loss modulus (G”), representing the energy that is 
dissipated due to viscous flow and a measure of the viscous material component, the storage 
modulus (G’), representing the energy that is elastically stored and a measure of the elastic 
material component, and the loss tangent (tan δ), representing the G”/G’ ratio and a measure 
of the solid/liquid-like character of the material. Both moduli start to increase as the 
temperature rises above 40°C, coinciding with a decrease in tan δ, and reach a maximum 
around 50°C. The build-up of a viscoelastic network in this temperature range is probably 
caused by the unfolding and subsequent aggregation of the head and hinge regions of myosin 
(Xiong, 1997). Between 50 and 55°C G” and especially G’ show a sharp decrease, indicating 
the degradation of the previously built network. Denaturation of the light meromyosin chains 
is considered as the main cause for this phenomenon and believed to disrupt some of the 
protein network already formed (Samejima et al., 1981).  
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Fig. 4.5. Typical rheological gelation curve of the thermal gelation of myofibrillar proteins (From 
Xiong, 1997) 
 
During the gelation of pure myosin a similar drop in G’ is observed, although this decrease is 
relatively smaller than for a myofibrillar protein extract. This finding suggests that the 
dissociation of the actin-myosin complex, taking place around 50°C, also contributes to the 
decrease in G’, which is confirmed by the observation that addition of pyrophosphate prior to 
gelation lowers the drop in G’ during gelation (Robe & Xiong, 1993). The steady rise in G’ 
above 55°C involves the denaturation of actin and results from an increase in the amount of 
protein cross-links and the reinforcement of the gel network by additional denatured proteins. 
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3. CARRAGEENAN IN MEAT PRODUCTS 
 
Carrageenan is widely used in the food industry in a broad range of applications because of its 
water binding, thickening, and gelling properties. In the meat industry carrageenan is used as 
gelling agent in canned meats and petfoods and allows an important reduction in fat content in 
comminuted meat products like frankfurters (Bernal et al., 1987; Pietrasik & Duda, 2000; 
Stanley, 1990; Xiong et al., 1999). In cooked sliced meats carrageenan is used to improve 
moisture retention, cooking yields, slicing properties, mouthfeel, and juiciness (Imeson, 2000; 
Trius & Sebranek, 1996). In these products, the application of carrageenan is based on its low 
viscosity when dispersed in the brine to be injected in the meat, its hydration during the 
cooking of the ham and its gelation upon cooling (Imeson, 2000; Pietrasik, 2003; Therkelsen, 
1993). 
 
The effect of carrageenan addition on the functional properties of meat products has been the 
subject of numerous studies. Bater et al. (1992b) injected turkey breasts with brine until a 
70% weight increase and studied the effect of κ-carrageenan addition on the final product 
properties after cooking at 72°C. They found that the presence of 0.5% κ-carrageenan in the 
brine increased the cooking yield, improved the visual appearance, sliceability, and rigidity 
and decreased the expressible juice compared with the control product. The same authors also 
reported that κ-carrageenan, added to turkey breast juice before thermal gelation, showed a 
synergistic effect with the meat proteins on the final gel strength (Bater et al., 1992a). Barbut 
& Mittal (1992) studied the effect of replacing half of the fat in sausages by a 0.5% 
hydrocolloid solution on the textural, hydration, and sensory characteristics. Both the use of ι- 
and κ-carrageenan resulted in an increase in water retention and in several textural parameters 
like cohesiveness and chewiness. Furthermore, the low-fat sausage containing κ-carrageenan 
scored a higher overall acceptance than the reference high-fat sausage, as evaluated by a 
sensory panel. Similar findings were reported by Xiong et al. (1999), who observed that κ- 
and ι-carrageenan increased the cooking yield, hardness, and binding strength of low-fat 
sausages. Foegeding & Ramsey (1986, 1987) reported that the addition of ι- and κ-
carrageenan to low-fat meat batters led to an increase in water-holding ability, rigidity, and 
force-to-fracture. These results were confirmed by Ulu (2006) who found an improvement in 
the cooking yield and textural properties of low-fat meat balls in the presence of carrageenan. 
Shand et al. (1994) incorporated 0.5 to 1% κ-carrageenan in structured beef rolls and found an 
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increase in cooking yield and an improvement of several textural properties like hardness, 
force-to-fracture, and binding strength. Similarly, a reduction in cooking loss and expressible 
moisture and a rise in hardness and fracturability of beef gels was observed upon κ-
carrageenan addition (Pietrasik, 2003; Pietrasik & Li-Chan, 2002). Hsu & Chung (2001) 
reported an increase in cooking yield and texture parameters like hardness, chewiness, and 
adhesion when adding up to 2% κ-carrageenan to low-fat emulsified meatballs. Perez-Mateos 
& Montero (2000) found that κ-carrageenan increased the breaking force of a myofibrillar 
fish protein gel but had no measurable effect on the water holding capacity. 
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4. MATERIALS AND METHODS 
 
4.1. Meat gel preparation 
 
4.1.1. Meat protein extraction 
 
As myofibrillar or salt-soluble meat proteins (SSMP) are not commercially available in 
mixtures consisting of the different proteins in the same relative proportions as in real meat, 
SSMP were extracted from chicken breasts according to the slightly modified procedure of 
Wang et al. (1990). Three phosphate buffers with increasing salt concentration were used to 
isolate the salt-soluble protein fraction: 
 
• Low-salt buffer (LSB): 0.1 M NaCl – 50 mM Na phosphate – pH 6.5 
• High-salt buffer (HSB): 0.6 M NaCl – 50 mM Na phosphate – pH 6.5 
• Ultra-high-salt buffer (UHSB): 2.4 M NaCl – 0.2 M Na phosphate – pH 6.5 
 
After removal of the visual fat, fresh chicken breast was ground with a kitchen mixer. Two 
low-salt extraction steps were carried out with LSB, each time followed by centrifugation for 
15 min at 2000 g. The pellet obtained after the second LSB extraction was dissolved in one-
third volume UHSB and further diluted in three volumes HSB. The supernatant from this 
high-salt extraction was separated, precipitated by dilution in five volumes of demineralized 
water and centrifuged for 30 min at 20000 g. The final pellet was frozen and subsequently 
lyophilized, after which the dried residue was ground into a powder and stored in the freezer. 
The yield of the extraction process was around 2.5-3 %.  
 
4.1.2. Cooked ham model system  
 
Meat gels, resembling commercial cooked ham products, were composed of five ingredients: 
SSMP extract, kappa-carrageenan, sodium chloride, potassium chloride, and buffer solution. 
Although cooked ham is usually based on pork meat, chicken breast was chosen in this 
research as protein source out of practical considerations. The carrageenan used was an 
alcohol-precipitated, refined κ-carrageenan (Bengel KK-115F) obtained from Shemberg 
(Philippines). The pH of the model system was set to 6.2 using a 50 mM piperazine-N,N’ bis 
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{2-ethane-sulfonic acid} or PIPES buffer. This type of buffer is frequently used in meat 
products and specifically chosen to not interfere with the phosphate present in the meat 
extract (Xiong, 1992; Xiong & Brekke, 1990a, 1990b). 
 
4.2. Oscillatory rheology 
 
Small-amplitude oscillatory experiments were performed on a CVO50 controlled-stress 
rheometer (Bohlin Instruments, UK) using a cup and bob geometry. Meat extract, 
carrageenan, and salts were dispersed in PIPES buffer and stirred for 30 min. The mixture was 
then transferred to the rheometer and subjected to the following temperature program:  
 
• heating from 4°C to 70°C at 1.5°C/min 
• isothermal at 70°C for 20 min 
• cooling from 70°C to 4°C at 1.5°C/min 
 
During this temperature program, a continuous oscillation at a frequency of 1 Hz and a strain 
of 0.01 was applied to monitor the dynamic moduli and the phase angle δ. 
 
4.3. Compression tests 
 
Large deformation measurements were performed on a Texture Analyser TA500 (Lloyd 
Instruments, UK) equipped with a load cell of 20 N and a cylindrical probe. Cold mixtures 
were poured in syringes and placed in a hot water bath at 75°C for 30 min. The obtained 
cylindrical meat gels had a diameter of 25 mm and were cut into slices with a height of 15 
mm. These slices were compressed over a distance of 10 mm at a speed of 5 mm/min. The 
hardness of the meat gels was defined as the maximum applied force during compression, 
while the work, represented by the surface under the force deformation curve, was defined as 
the gel strength (Van Camp & Huyghebaert, 1995). 
 
4.4. Water holding capacity 
 
The water holding capacity (WHC) was determined by a centrifugal method (Quéginer et al., 
1989). An amount of gel was placed on a polyester membrane (pore size 5 µm) which was 
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kept in the middle of a centrifuge tube by means of plastic beads and centrifuged for 5 min at 
120 g at 5°C (Fig. 4.6). Water that was separated from the gel during centrifugation 
penetrated through the membrane and migrated to the bottom of the centrifuge tube. The 
WHC was expressed as the percentage of the initial water content of the gel that was freed 
during centrifugation. 
 
 
Fig. 4.6. Centrifugation procedure for the determination of the water holding capacity of meat gels 
 
4.5. Confocal microscopy 
 
Confocal scanning laser microscopy (CSLM) was used to visualize the microstructure of the 
gelled meat products. Carrageenan was covalently labeled with fluorescein isothiocyanate 
(FITC) according to the procedure described by Tromp et al. (2001). For the labelling 
reaction 250 mg carrageenan, 35 mg FITC, 100 µl pyridine, and 20 µl dibutyltin dilaurate 
were dissolved in 25 ml dimethyl sulfoxide (DMSO). This mixture was heated for 4 h at 
100°C, poured into 100 ml isopropyl alcohol and centrifuged for 45 min at 9600 g at 20°C. 
Following lyophilisation the procedure yielded approximately 200 mg FITC-labelled 
carrageenan. Meat proteins were non-covalently labelled using rhodamine B which selectively 
adsorbs on the protein fraction of foods (van de Velde et al., 2002, 2003). Images were 
recorded on a Bio-Rad Radiance2000 microscope used in single photon mode with an Ar and 
He/Ne laser. 
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4.6. Experimental design 
 
A three-component experimental mixture design was set up with meat extract, κ-carrageenan, 
and buffer as factors. This approach was chosen in order not to neglect the influence of 
changes in water content on the examined properties. The component ranges of the design are 
given in Table 4.2.  
 
Table 4.2. Component ranges in the experimental mixture design 
Component Minimum (wt%) Maximum (wt%) 
Meat extract 6.5 11.5 
Carrageenan 0.0 2.0 
PIPES buffer 85.0 90.0 
 
The design consisted of 14 experiments including 4 repetitions for the calculation of the pure 
error and 4 experiments for the lack-of-fit test (Table 4.3).  
 
Table 4.3. Overview of the 14 experimental runs in the mixture design 
Run Meat extract (wt%) Carrageenan (wt%) PIPES-buffer (wt%) 
1 6.5 0.0 90.0 
2 6.5 0.0 90.0 
3 11.5 0.0 85.0 
4 11.5 0.0 85.0 
5 6.5 2.0 88.0 
6 6.5 2.0 88.0 
7 8.0 2.0 86.5 
8 9.0 1.5 86.0 
9 10.5 1.0 85.0 
10 7.5 0.5 88.5 
11 10.0 0.5 86.0 
12 9.0 0.0 87.5 
13 9.0 0.0 87.5 
14 9.5 2.0 85.0 
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Meat extract, carrageenan, and buffer solution constituted 96.5 wt% of the mixtures, while the 
remaining 3.5 wt% consisted of NaCl (2.5 wt%) and KCl (1 wt%). Second-order Scheffé 
polynomials were fitted to the experimental data and used for graphical representation of the 
results (see Chapter 3 section 4.6). 
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5. RESULTS AND DISCUSSION 
 
5.1. Meat extract characterization 
 
The composition of the meat extract obtained from chicken breast following the procedure 
described in section 4.1.1 is shown in Table 4.4. An SDS-PAGE pattern, giving an indication 
of the composition of the protein fraction of the meat extract, is given in Fig. 4.7. 
 
Table 4.4. Composition of the salt-soluble meat protein extract 
Analysis Concentration (weight %) Method 
Dry matter 91.16 ± 0.56 Gravimetric method 
Protein 68.00 ± 0.72 Kjeldahl 
Fat 3.86 ± 0.80 Weibull 
Na 6.50 ± 0.03 Flame emission spectrometry
K 0.0380 ± 0.0002 Flame emission spectrometry
Ca 0.0141 ± 0.0001 Flame emission spectrometry
Mg 0.00796 ± 0.00005 Flame emission spectrometry
Cl 10.97 ± 0.07 Flame emission spectrometry
P 1.00 ± 0.003 Flame emission spectrometry
 
5.2. Statistical analysis 
 
The coefficient estimates of the second-order Scheffé polynomials fitted to the experimental 
data are summarized in Table 4.5. For the complex modulus significant Scheffé models 
(p<0.001) could be fitted in all six characteristic points (see section 5.3 and Fig. 4.8) with an 
R²-value between 0.981 and 0.990, although only the models for the first and last 
characteristic point are shown. Significant models (p<0.005) with high R² values were also 
derived for the gel strength and hardness (results not shown), both obtained from large 
deformation compression test. To the WHC data a significant first-order Scheffé model was 
fitted (p<0.005) as the extension to a second-order did not significantly improved the model 
fit. All calculated models did not show a significant lack-of-fit. 
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Fig. 4.7. Protein composition of the myofibrillar meat extract 
 
Table 4.5. Derived predictive models for various response variables including the determination 
coefficient R² (A = κ-carrageenan; B = SSMP; C = PIPES buffer) 
 Coefficient estimates 
Factor G* 1 (Pa) G* 6 (Pa) Gel strength (mJ) WHC (%) 
A -4980.76 -63404.62 -62.02 3.43 
B 3066.01 19658.96 195.91 4.37 
C 13.12 5.81 1.54 0.33 
AB 81.48 647.96 -1.93 - 
AC -35.42 -214.44 -2.38 - 
BC 48.53 675.63 0.77 - 
R² 0.98 0.99 0.87 0.74 
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5.3. Oscillatory rheology 
 
Along the gelation curve, obtained from the in-situ gelation experiments performed on the 
rheometer, six characteristic points based on the changes in G* were defined, as shown in Fig. 
4.8: 
 
• Point 1 = beginning of structure build-up during the heating stage 
• Point 2 = first peak maximum 
• Point 3 = minimum after the first peak 
• Point 4 = end of the heating stage 
• Point 5 = end of the isothermal stage 
• Point 6 = end of the cooling stage 
 
 
Fig. 4.8. Representation of the six points chosen to characterize the gelation curve 
 
Over the entire experimental design gelation curves showed a characteristic peak in G* during 
the heating stage, which has been observed before and ascribed to the thermal denaturation of 
the myofibrillar proteins (Wang & Smith, 1994b; Wang et al., 1990; Xiong, 1997). 
Denaturation of the head and hinge portions of myosin and subsequent aggregation are 
responsible for the initial increase in G*. At temperatures around 50°C, denaturation of the 
myosin tails leads to a large increase in fluidity and may disrupt the protein network already 
formed at lower temperatures. Dissociation of the actin-myosin complex has also been 
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suggested to contribute to the decrease in G* between 50 and 55°C. The temperatures at 
which the first three characteristic points occurred were not influenced by the composition of 
the mixtures, being 30.12°C ± 1.71°C, 49.25°C ± 0.16°C and 55.00 ± 0.15°C, respectively. 
These values are well in accordance with temperatures found in literature (Wang et al., 1990; 
Xiong, 1997). DeFreitas et al. (1997b) already reported that κ-carrageenan did not 
importantly affect the thermal denaturation of myofibrillar meat proteins. Only at a very high 
carrageenan (2%) and meat protein concentration (10%) a slight decrease in the myosin 
denaturation temperature was detected, as determined using DSC. At lower concentrations the 
addition of carrageenan showed no effect at all on myofibrillar protein denaturation. As 
changes in thermal stability are considered to be good indicators of protein-polysaccharide 
interactions, this made the authors conclude that interactions between myofibrillar proteins 
and carrageenan during heating are very unlikely to occur. 
 
In Fig. 4.9 the obtained gelation curves for mixtures containing 6.5 wt% meat extract and 
respectively 0 and 2 wt% κ-carrageenan are shown. It can be clearly noticed that the addition 
of carrageenan resulted in higher G* values and, more surprisingly, that G* values were 
already higher from the beginning of structure build-up during the heating stage.  
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Fig. 4.9. Gelation curves representing the change in complex modulus G* (□, ■) and phase angle δ (∆, 
▲) in function of time for two meat products containing 6.5 % meat extract and 0 % (open symbols) 
and 2% (full symbols) carrageenan respectively 
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The same conclusion can be drawn from the comparison of mixtures with other meat extract 
concentrations in the absence and presence of carrageenan (results not shown). Figure 4.9 also 
shows that the further increase in G* during the cooling stage is more pronounced in the 
presence of carrageenan, as indicated by the higher slope of the gelation curve. This 
observation suggests that carrageenan actually gels during cooling. However, the phase angle 
of the meat gels did not change upon carrageenan addition, meaning that the viscoelastic 
character of the continuous gel network remained unchanged.  
 
Using these models so-called iso-carrageenan plots were constructed, showing the change in 
response when substituting buffer solution by meat extract at different constant carrageenan 
concentrations (Depypere et al., 2003). Figure 4.10 and 4.11 represent the iso-carrageenan 
plots for the complex modulus at the first (beginning of structure build-up during the heating 
stage) and the last (end of the cooling stage) characteristic point along the gelation curve. An 
increase in carrageenan concentration leads to higher G* values, although the increase in G* 
is rather small. At constant carrageenan content, the substitution of buffer by meat extract 
results in a more pronounced increase in G*.  
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Fig. 4.10. Influence of the substitution of buffer solution by meat extract on the complex modulus at 
the beginning of structure build-up during the heating stage for different κ-carrageenan concentrations 
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Fig. 4.11. Influence of the substitution of buffer solution by meat extract on the complex modulus at 
the end of the cooling stage for different κ-carrageenan concentrations 
 
This is due to the combined effect of an increasing protein content, which causes a 
reinforcement of the protein network, and a decrease in water content, which itself may result 
in a limited increase in rigidity of the meat gel. Similar plots were obtained in all six 
characteristic points of the gelation curve, confirming that the presence of carrageenan causes 
an increase in G* from the very beginning of gelation, as already indicated by Fig. 4.9. It can 
be seen from the slope change of the iso-carrageenan lines in Fig. 4.10 that the rise in G* in 
the presence of carrageenan is more pronounced at higher meat extract concentrations. This 
suggests that the increase in G* from the very beginning of the gelation process upon 
carrageenan addition is caused by a local concentration of myofibrillar proteins favouring 
aggregation. 
 
The phase angle was found to be not significantly influenced by the composition of the 
mixtures. At the end of the cooling stage, the phase angle was equal to 7.78° ± 0.69° for the 
14 experiments of the design. This demonstrates that the viscoelastic nature of the gel network 
was not affected by the composition of the mixture. As a consequence, meat proteins must be 
responsible for the continuous, three-dimensional gel network in these meat products, since 
the absence of carrageenan does not seem to influence the viscoelastic character of the gel. 
Furthermore, the data suggests that carrageenan does not interfere with the protein network 
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since carrageenan participation in network formation would be very likely to cause changes to 
the viscoelastic nature of the network. It seems like carrageenan is present in the interstitial 
spaces of the meat protein network, where it binds water and gels upon cooling. This was 
already suggested by Bernal et al. (1987) who reported that true interactions between 
carrageenan and myofibrillar proteins in the formation of a gel network were unlikely to 
occur. Montero et al. (2000) also believed that carrageenan was present in the cavities of a 
continuous myofibrillar gel network. 
 
DeFreitas et al. (1997a) however suggested that the addition of 0.5 % κ-carrageenan to a 5 % 
SSMP solution resulted in the formation of a carrageenan gel network physically entrapping 
the meat proteins. Although they also thought no molecular interaction took place between 
carrageenan and proteins, they considered carrageenan as the component mainly responsible 
for the textural and water-holding properties of the gelled meat products. Gomez-Guillen et 
al. (1996) studied the effect of ι-carrageenan on the gelation of myofibrillar squid proteins 
and reported that carrageenan formed an independent network supporting the principal 
structure formed by the fish proteins. 
 
5.3. Compression tests 
 
Both the hardness, defined as the maximum force during compression, and the gel strength, 
obtained as the area under the force-deformation curve, were derived from compression tests. 
Since the iso-carrageenan plots were similar for both texture parameters, the plot for gel 
strength is shown in Fig. 4.12 since the obtained model for gel strength had the highest R² 
value (0.87). Basically, the observed effects on the gel strength are similar to the ones on the 
complex modulus. Addition of carrageenan again leads to an increase of the gel strength for 
all meat extract concentrations. Again a more pronounced rise in gel strength is observed 
when increasing the meat extract concentration. At meat extract concentrations between 6.5 
and 7.5 wt% the gel strength appears to decrease slightly, but this decrease is caused by the 
model fit and is not genuine. Some additional experiments in this design region have 
confirmed that increasing the meat extract concentration from 6.5 to 7.5 wt% causes a slight 
gel strength increase (results not shown). 
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Fig. 4.12. Influence of the substitution of buffer solution by meat extract on the gel strength for 
different κ-carrageenan concentrations 
 
5.4. Water holding capacity 
 
From Fig. 4.13 it can be seen that increasing the carrageenan concentration from 0 to 2 wt% 
causes an increase in WHC of about 5%. The effects of carrageenan on the water holding 
capacity of SSMP gels and different kinds of gelled meat products have been extensively 
studied. Most sources report a better water retention in the presence of carrageenan (Bater et 
al., 1992b; DeFreitas et al., 1997a; Pietrasik, 2003; Pietrasik & Duda, 2000; Pietrasik & Li-
Chan, 2002). However, in some cases the addition of carrageenan seems to have no or a very 
limited effect on the water holding capacity of meat gels (Barbut & Mittal, 1992; Bernal et al., 
1987; Foegeding & Ramsey, 1987; Perez-Mateos & Montero, 2000). Figure 4.13 also shows 
that the substitution of water by meat extract leads to a considerable increase in WHC. 
 
5.5. Confocal microscopy 
 
The microstructure of the gelled meat products was visualized by confocal microscopy. In 
Fig. 4.14 and 4.15 the protein fraction and carrageenan are lit up by the action of rhodamine 
and FITC, respectively. Figure 4.14 clearly shows that the meat proteins indeed form a three-
dimensional gel network and confirms the findings of the rheological measurements. 
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Fig 4.13. Influence of the substitution of buffer solution by meat extract on the water holding capacity 
for different κ-carrageenan concentrations 
 
 
Fig. 4.14. A three-dimensional projection of the meat protein network visualized by rhodamine B 
using confocal microscopy (9% meat extract, 1% carrageenan, 87.5% buffer) 
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Fig. 4.15. Distribution of carrageenan, covalently labelled with FITC, in the meat gel visualized by 
confocal microscopy (9% meat extract, 1% carrageenan, 87.5% buffer) 
 
Carrageenan was found to be present in discrete regions, excluding the possibility that 
carrageenan forms a continuous gel network and suggesting that carrageenan is present in the 
interstitial spaces of the protein network (Fig. 4.15). This observation is well in accordance 
with the findings of Montero et al. (2000), who showed that both ι- and κ-carrageenan were 
evenly distributed in cavities along the myofibrillar matrix.  
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6. CONCLUSIONS 
 
Although the properties of the gelled meat products were found to be mainly governed by the 
myofibrillar proteins present in the meat extract, addition of up to 2 % κ-carrageenan  
importantly influenced the rheological behaviour and water retention. The presence of 
carrageenan led to considerable increases in complex modulus, hardness, gel strength, and 
water holding capacity. The phase angle however, representing the viscoelastic character of 
the meat gels, was not affected by carrageenan addition. 
 
Results suggest that salt-soluble meat proteins and not carrageenan are responsible for the 
build-up of a three-dimensional gel network. It even seems like carrageenan does not interact 
with the meat proteins to participate in network formation, since the viscoelastic nature of the 
mixed protein/carrageenan network does not differ from that of a pure protein network. 
Probably carrageenan is present in the interstitial spaces of the protein network, where it binds 
water and may form gel fragments upon cooling.  
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GENERAL CONCLUSIONS 
 
κ-Carrageenan is one of the main gelling agents in the food industry, finding application in an 
extensive variety of food products. Because of its ability to form a continuous, three-
dimensional gel network, carrageenan has a large impact on food microstructure and 
consequently on the textural properties as perceived during consumption. However, 
carrageenan gelation is importantly affected by the presence of other food constituents like 
proteins and other polysaccharides, the interactions of which with carrageenan have already 
been extensively studied. In contrast to previous studies, this research is one of the first to 
deal with carrageenan functionality as influenced by other ingredients in complex systems 
comparable to commercial foods, more specifically gelled dairy desserts and cooked, gelled 
meat products. Studies on simple model systems are very useful to gather fundamental 
information on phenomena taking place between different components, but it is not obvious to 
extrapolate obtained findings to real food products. In order to determine the practical 
relevance of these phenomena with respect to the final textural properties of commercial 
foods, it seems indispensable to extend ingredient interaction research to more complicated, 
real-like systems. 
 
This work has demonstrated that the application of experimental mixture designs provides a 
useful and promising approach to study the effects of compositional variations on the 
properties of complex, multi-component (food) systems. Too many scientists still hold on to 
the one-variable-at-a-time (OVAT) principle, stating that it is only allowed to consider 
response effects upon changing the concentration of one single ingredient while keeping all 
other components of interest constant. This conservative principle used to be thought of as the 
only ‘scientific’ approach, although it clearly fails to identify concentration dependent 
phenomena that are governed by the absolute amounts or relative proportions of the different 
ingredients. Furthermore, applying the OVAT principle always implies that product 
components of which the effects are not studied are considered to be inert, not having any 
effect on the determined properties. While this may be true for water in very simple model 
systems containing only a few percentages of solids, it is much less obvious in complex 
systems with resemblance to commercial products and may result in misleading data and 
wrong conclusions. In this respect, the use of a mixture design presents a safe approach as 
__________________________________________________________________________________________ 
 
Functionality of κ-carrageenan in complex food gels 
 General conclusions 152 
__________________________________________________________________________________________ 
only the components under consideration are allowed to vary, implying that these components 
are thus entirely responsible for observed effects. 
 
κ-Carrageenan was found to behave differently in the two investigated model systems. For 
dairy desserts it was beyond doubt that carrageenan constituted the continuous gel network, 
which was the main microstructural feature of the desserts, and therefore had a corresponding 
effect on the rheological behaviour. Both the small and large deformation properties of the 
dairy desserts were dominated by the amount of carrageenan present, irrespective of the 
applied heat treatment in the preparation of the desserts. On the contrary, results pointed out 
that carrageenan was not responsible for the build-up of the main network in the cooked ham 
model system. Aggregation of salt-soluble meat proteins following heat denaturation was 
shown to be the primary process in the microstructural development of the meat gels. 
Carrageenan appeared to be present in the interstitial spaces of the meat protein network 
where it probably gelled upon cooling and supplied a positive though rather limited 
contribution to the rheological properties and water holding capacity. 
 
Ingredient interactions taking place between starch, skimmed milk powder, and κ-carrageenan 
in gelled dairy desserts were found to be complex, subjected to concentration effects, and 
dependent on the applied process conditions. Furthermore, these interactions had differing 
effects on the separate dessert properties determined in this research, in which respect the 
distinction between the complex modulus and the gel strength as an indication of the 
respectively small and large deformation mechanical strength was striking. The function of 
starch in dairy desserts seems to be at least twofold. First, starch importantly affects the 
dessert properties because of the well-documented exclusion effect of swollen granules, 
occupying a considerable volume fraction of the dessert and thus raising the effective 
carrageenan concentration for network formation in the continuous water phase. Second, 
starch granules act as inert fillers present in the voids of the gel network and as such 
contribute also directly to the rheological properties. It was shown that swollen starch 
granules importantly influence the small deformation behaviour of the desserts, but appeared 
to contribute little to the gel strength when subjected to large uniaxial forces. The large 
deformation behaviour would then be mainly governed by the three-dimensional gel network 
in which casein micelles are very likely to participate as a result of the extensively described 
electrostatic interaction between a positively charged region of κ-casein and the negatively 
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charged sulphate groups of carrageenan. However, it remains unclear whether casein really 
enhances network formation, acting as knots connecting carrageenan helices, or rather 
functions as reinforcing fillers, which in contrast to starch granules are linked to the 
surrounding carrageenan network. As such, the whey protein fraction seems to be relatively 
insignificant in dairy desserts. However, whey proteins may indirectly play a role due to 
protein denaturation upon heating and subsequent adsorption on casein micelles through the 
formation of disulphide linkages with κ-casein. Therefore, they are believed to become 
increasingly important as the applied heat treatment is intensified. 
 
This research presents a couple of new pieces to the solution of the puzzle of κ-carrageenan 
functionality and ingredient interactions in dairy desserts and meat gels. Hopefully this work 
can be the onset for further research on hydrocolloid gelation in general and carrageenan 
gelation in particular with a focus on the texture of real food systems, although this often 
implies choosing the hard way due to the complexity of these systems. However, an 
appropriate statistical approach is the key to make this type of research accessible and 
manageable.
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NOMENCLATURE 
 
C* carrageenan concentration in the water phase of dairy desserts (w/v%) 
CIP cleaning in place 
CSLM confocal scanning laser microscopy 
DSC differential scanning calorimetry 
FITC fluorescein isothiocyanate 
G’ elastic or storage modulus (Pa) 
G” viscous or loss modulus (Pa) 
G* complex modulus (Pa) 
HSB high-salt buffer 
LSB low-salt buffer 
OVAT one-variable-at-a-time 
SMP skimmed milk powder 
SSMP salt-soluble meat proteins 
Tg gelation temperature (°C) 
Tm melting temperature (°C) 
UHSB ultra-high-salt buffer 
WHC water holding capacity 
WP whey powder 
γ strain (-) 
.γ  shear rate (s-1) 
δ phase angle (°) 
η viscosity (Pa.s) 
σ shear stress (Pa) 
σ0 yield stress (Pa)
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ANNEXES 
 
1. Experimental design data obtained for lab-scale dairy desserts 
 
Run G* (Pa) Tg (°C) Gel strength (mJ) Syneresis (%) D4,3 (µm) 
1 1300.30 42.95 3.32 6.10 33.10 
2 1249.15 43.80 2.44 5.98 33.37 
3 6.71 42.40 1.14 4.75 35.77 
4 9.24 42.65 0.99 4.37 36.63 
5 5364.01 46.70 32.18 1.73 31.70 
6 4170.88 46.80 27.97 1.17 32.67 
7 660.50 43.80 18.18 2.19 36.06 
8 727.22 43.90 22.71 4.19 35.35 
9 331.24 43.35 1.49 2.89 35.09 
10 1296.53 45.65 27.63 0.64 34.99 
11 280.33 43.15 9.38 3.70 37.76 
12 2288.57 45.55 14.78 2.42 36.60 
13 667.97 44.90 11.51 3.03 34.90 
14 702.92 46.80 10.41 2.36 36.24 
15 395.72 43.65 5.21 2.38 36.46 
16 850.69 44.45 17.28 2.15 35.46 
17 1917.26 46.20 21.65 1.79 34.09 
18 1048.33 44.60 7.05 2.67 33.49 
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2. Experimental design data obtained for sterilized dairy desserts 
 
Run G* (Pa) Tg (°C) Gel strength (mJ) Syneresis (%) 
1 494.56 39.70 2.64 1.62 
2 272.81 40.10 2.83 0.75 
3 121.02 39.90 0.99 81.76 
4 197.46 39.20 0.95 80.33 
5 6340.91 41.40 12.21 0.39 
6 5442.94 41.90 11.89 0.18 
7 1211.16 40.50 21.52 6.95 
8 1672.65 40.60 23.19 7.37 
9 652.91 36.50 1.55 36.14 
10 4166.56 40.90 14.87 2.51 
11 546.04 39.80 11.65 10.98 
12 2228.30 42.40 6.41 0.56 
13 2044.03 41.30 7.19 3.44 
14 1693.34 40.00 7.20 4.26 
15 923.11 40.10 4.66 38.55 
16 2623.60 40.20 14.52 5.67 
17 5547.36 40.70 7.48 0.92 
18 1308.61 40.50 3.76 11.13 
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3. Experimental design data obtained for κ-carrageenan/meat protein gels 
 
Run G* 1 (Pa) G* 6 (Pa) Gel strength (mJ) WHC (%) 
1 361.10 3169.10 18.15 52.48 
2 456.77 2500.50 19.17 57.72 
3 1776.70 16969.00 60.90 78.67 
4 1754.00 17391.00 48.62 80.66 
5 496.09 5911.70 35.35 66.88 
6 416.32 6213.90 34.00 67.51 
7 889.02 9665.20 18.69 63.80 
8 1387.10 13307.00 38.41 69.77 
9 1673.60 15983.00 43.10 82.00 
10 520.71 6531.50 16.09 73.43 
11 1259.30 12418.00 34.88 65.49 
12 898.66 7477.40 26.98 74.52 
13 812.60 9609.60 21.10 64.26 
14 1404.20 14345.00 40.85 78.08 
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